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Diese Dissertation stellt die erste Anwendung des magneto-optischen Kerr Effektes (MOKE) 
auf ferromagnetische Metall/Organische Heterostrukturen zur Aufklärung der optischen und 
chemischen Eigenschaften dar. Die MOKE-Untersuchungen wurden spektroskopisch in 
einem Energiebereich von 1.7 eV bis 5.5 eV durchgeführt. Heterostrukturen, wie sie hier 
untersucht werden, sind relevant für Anwendungen in der organischen Spintronik. Die 
Auswertung der Experimentellen Daten wird unterstützt durch numerische Simulationen 
eines Schichtmodells und ergänzende Untersuchung der strukturellen und magnetischen 
Eigenschaften unter Zuhilfenahme von AFM, TEM, SEM, STXM und SQUID-Magnetometrie. 
In der aktuellen Arbeit wurde Ni als Beispiel einer ferromagnetischen Schicht oberhalb oder 
unterhalb des organischen Films verwendet. Die organische Schicht besteht jeweils aus den 
diamagnetischen Molekülen Rubren, Pentacen und Fulleren, welche nur ein 
vernachlässigbares MOKE-Signal aufweisen. Zum Vergleich wurden das metallfreie 
Phtalocyanin H2Pc, welche ein nur eine bis zwei Größenordnungen schwächeres MOKE 
Signal als das genutzte Ni zeigen, betrachtet. Selbst Moleküle, welche kein intrinsisches 
MOKE-Signal zeigen, können über die optische Interferenz Einfluss auf das MOKE Signal 
von Ni nehmen. Daher kann die Dicke der organischen Schicht genutzt werden, um den 
Verlauf des MOKE Spektrum zu kontrollieren. Dies wird für Rubren und C60 gezeigt. 
Beim Vergleich des MOKE-Spektrums von Rubren/Ni- und Ni/Rubren-Doppelschichten war 
es möglich zu zeigen, dass die Metallablagerung an der Oberfläche einen 
Versiegelungseffekt hat, welcher die Oxidation der organischen Unterschicht verlangsamt. 
AFM und TEM Messungen zeigen, dass Ni die Morphologie der unteren Rubrenschicht 
annimmt. Die Proben, die mit einer geringen Wachstumsrate von Rubren hergestellt wurden, 
weisen bei einer nominellen Schichtdicke von 15 nm klar geformte Rubren-Inseln mit großen 
Abständen zwischen ihnen auf. In diesen Fällen zeigte die magnetische Hysteresemessung 
von MOKE bei Raumtemperatur eine unterschiedliche Gestalt in Abhängigkeit von der 
Photonenenergie. Die Hystereseschleifen wurden durch die Präsenz zweier magnetischer 
Phasen interpretiert. Die MOKE-Spektren dieser beiden Phasen wurden aus dem 
experimentellen Spektrum separiert. Die Gestalt des gemessenen Spektrums ändert sich mit 
der Stärke des angelegten Feldes aufgrund der unterschiedlichen Beiträge der zwei Phasen. 
An den ferromagnetischen Metall/organischen Schichten wurde TEM angewendet, um die 
Größe der Metallpartikel zu bestimmen, sowie STXM um die Orientierung der organischen 
Moleküle festzustellen. Die Schichtdicke, das Massenverhältnis sowie die Wechselwirkung 
zwischen Metall und organischen Material beeinflussen nachweislich das MOKE Signal. 
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Heterostrukturen, Nanopartikel, Ni, Co, Rubren, Pentacen, Phthalocyanin, Fulleren  
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AFM   atomic force microscopy 
bcc   body centred cubic 
fcc   face centred cubic 
FM   ferromagnetic metal 
FC-ZFC  field cooled – zero field cooled 
hcp   hexagonal close-packed 
Hc   coercive field 
MOKE  magneto-optical Kerr effect 
Ni   Nickel  
OLED   organic light emitting diodes 
OMBD  organic molecular beam deposition 
POR   pre-oxidized rubrene 
RT   room temperature 
SQUID  superconducting quantum interference devices  
STXM   scanning transmission X-ray microscopy 
SEM   scanning electron microscopy 
TEM   transmission electron microscopy 
UHV   ultra-high vacuum 
VASE   variable angle spectroscopic ellipsometry 
XRR   X-ray reflectivity 
3D   three dimensional 
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1. Introduction 
1. Introduction 
 
The metal/organic heterostructure is one of the widely used structure elements in 
organic electronics and organic spintronics. The fabrication and properties of the 
ferromagnetic metal/organic semiconductor interface attract much attention in 
organic spintronics. 
Compared to inorganic semiconductors, organic semiconductors have many 
advantages such as chemical tuning of electronic functionality, versatile structural 
modification and low fabrication cost. Besides the single crystal of organic molecules 
such as rubrene [Sundar, Käfer05a] and pentacene [Hasegawa], the thin films of 
some polymer [Chiang, Shirakawa] and small molecules [Yamashita], which are 
usually disordered materials on long range, were also found to have semiconductor 
properties. The electronic transport in organic material is generally classified into two 
mechanisms: hopping and band transport. Band transport happens only at low 
temperature in highly ordered systems such as single crystal organic semiconductors 
[Karl]. Hopping transport occurs between localized molecule states and strongly 
depends on parameters like temperature, electric field, traps in organic materials and 
carrier densities. Beside the chemical purity and structure quality of the organic 
semiconductor, for the charge transport the interface to the electrode also has strong 
influence on the electronic transport. A propagating charge carrier in organic 
materials can form a polaron due to the local deformation of the host material which 
is bonded by van der Waals forces see e.g. [Hulea]. Unlike in inorganic materials, the 
‘n type’ (‘p type’) in organic semiconductor refer to the fact that electrons (holes) are 
more easily injected into and transported in the organic materials as compared to 
holes (electrons). Although n type conduction and ‘ambipolar’ organic materials were 
reported, p type conduction is usually much more common in organic 
semiconductors [Dimitrakopoulos, Chua].  
In addition to the versatile properties of charge transport, the use of organic 
semiconductors in spintronic devices has many advantages compared to the 
inorganic semiconductors related to the control and transport of spin signals. Since 
the organic molecules are composed mainly of light elements (carbon, hydrogen, 
nitrogen, oxygen etc.), the orbital-spin coupling is expected to be rather weak, which 
is expected to lead to long spin-relaxation times. Recent studies, e.g. [Nguyen], show 
that the spin-relaxation time is limited by the hyperfine fields in the organic materials. 
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Since the hyperfine interaction plays a crucial role in the determination of the spin 
relaxation [Nguyen], it can be used to tune the spin-relaxation time, e.g. increase the 
spin-relaxation time by removing the hydrogen atoms which have relatively large 
hyperfine fields. Together with the chemical flexibility, these properties of the organic 
semiconductors provide more freedom to mediate or control the charge and spin 
transport in organic spintronics. 
Besides the charge conduction in the organic material, the charge injection into the 
organic materials is of crucial importance for the performance of organic electronic 
and organic spintronic devices. Ferromagnetic metals (FM) are often used as 
electrode for spin injector and detector in spin valves. Charge injection across the 
metal-organic interface is determined by the energy barrier and density of the states 
at the metal contacts [Scott, Shen]. Spin injection efficiency is limited by the 
conductivity mismatch between the FM and organic materials (see e.g. [Fert]), which 
could be improved by the introduction of a fully spin-polarized FM material [Bowen] or 
a large spin-dependent resistance such as a tunnel barrier in between the FM 
contact and semiconductor spacer [Fert]. Therefore the quality of the metal/organic 
interface is very important for device performance. 
Although there are many studies about the growth of organic molecules on inorganic 
substrates [see e.g. Hill, Pedio, Rosei], less work has been done in the area of metal 
growth on organic films [see e.g. Dürr02, Zahn]. Meanwhile, the direct deposition of 
metal on organic material is also the easiest and low-cost method to fabricate the 
metal contacts on organic material, although the diffusion of the metal atoms into the 
organic layer is expected to appear and influence the device properties. The diffusion 
depends on the materials and deposition conditions and can vary from a few nm up 
to tens of nm [Vinzelberg]. Therefore detailed studies of the morphology, structure, 
and properties of metal/organic heterostructures obtained by depositing metals on 
organic materials are necessary. 
As an organic semiconductor material, rubrene is a versatile molecular material in 
applications. An extraordinary large charge carrier mobility of up to 15 cm2/Vs at 
room temperature was reported for rubrene single crystal [Sundar]. Amorphous 
rubrene was already used in fabrication of spintronic devices [see e.g. Lin, Yoo, 
Kusai]. Previous studies showed that the structure and morphology of rubrene films 
grown by organic molecular beam deposition (OMBD) in ultra-high vacuum (UHV) 
strongly depends on the film thickness [Käfer05a, Käfer05b, Kowarik]. Rubrene also 
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shows many other interesting properties such as its oxidation upon exposure to 
ambient air [Kytka] and its high mobility during growth with the three dimensional 
(3D) molecular structure [Ribič]. The high affinity for oxidation on one hand and the 
possibility to control the growth mode of rubrene by fine tuning of the growth 
parameters will be exploited in this work in order to systematically change the 
properties of metal/rubrene heterostructures. 
As a ferromagnetic metal, nickel (Ni) attracts extensive studies and is used in various 
applications. 
The ferromagnetic metal/organic semiconductor heterostructures like Ni/rubrene or 
Ni/C60 provide us a good study model for organic electronics and spintronics.  
The organic material can also be used as a template to control the morphology, 
structural and magnetic properties of the ferromagnetic materials deposited on it. 
Since organic materials have versatile properties in their growths and structures, e.g. 
the orientation of organic molecules and the crystalline structure phase change, the 
use of organic template provides us much freedom in controlling the properties of the 
magnetic top-layers on it. 
The quality of the organic films grown by means of OMBD in terms of film thickness, 
roughness, and optical properties is often investigated by spectroscopic ellipsometry. 
The knowledge of the optical constants allows, for high-symmetry molecules, further 
conclusions on the presence of crystalline phases of the organic crystalline domains 
and on the molecular orientation to be extracted. In addition, for molecules 
susceptible to oxidation, such as rubrene, the optical constants contain information 
about the oxidation state. 
The magneto-optical Kerr effect (MOKE) describes the change of polarization state of 
light reflected from magnetized media. Like the spectroscopic ellipsometry method, 
magneto-optical Kerr effect spectroscopy combined with model simulation can 
provide a sensitive tool to probe the optical (chemical) properties of the ferromagnetic 
metal/organic semiconductor heterostructures. Moreover, MOKE spectroscopy can 
be used to study the magnetic properties of the ferromagnetic metal layer in the 
metal-organic heterostructure. Single wavelength MOKE is commonly used to record 
magnetic hysteresis on ferromagnetic thin films. Compared to other magnetometry 
methods such as vibrating sample magnetometer (VSM) and superconducting 
quantum interference device (SQUID), which usually require the cutting of the 
sample for holder in measurement, the MOKE is a non-destructive optical method 
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which means it could even be used for in-situ measurements. The MOKE 
spectroscopy thus combines together the advantage of optical spectroscopies and 
magnetic measurements methods. 
This dissertation is organized as follows. Chapter 2 introduces briefly some 
properties of the materials used in this work, i.e. rubrene, C60, pentacene, H2Pc, and 
Ni. A short introduction to the magneto-optical Kerr effect, which is the main 
investigation tool employed in this work is given and the theoretical model used for 
the MOKE spectra simulation is introduced. Chapter 3 provides an overview of the 
experimental setup used for the spectroscopic measurement of MOKE and the ultra-
high vacuum (UHV) developed for the sample preparation. Chapter 4 presents the 
results obtained from the study of Ni/rubrene bilayers and it is composed of 5 
sections. The effect of the deposition parameters on the morphology of rubrene and 
subsequently on that of the bilayers are presented in the first section. In the second 
section, the aging of the Ni/rubrene bilayers upon exposure to atmosphere is 
presented. For Ni/rubrene bilayer consisting of islands having a size around 200 nm 
with large voids between them an anomalous shape of the hysteresis loop recorded 
by MOKE was observed and is treated in detail in the third section. The influence of 
rubrene thickness on the magnetic properties of Ni/rubrene bilayers is in section 4. 
The last section is dedicated to the study of rubrene on Ni bilayer. Chapter 5 shows 
the study of Ni/C60, Ni/Pentacene, and Ni/H2Pc bilayers. The investigation of the 
ferromagnetic metal/organic mixtures is presented in chapter 6. The chapter 7 
presents a summary of the work done in the frames of this dissertation. 
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This chapter introduces some properties of the organic materials outlined in figure 
2.1: rubrene, fullerene (C60), pentacene, and phthalocyanine (H2Pc) and of the 
ferromagnetic metal, Ni, used in this work. In the second section an introduction to 
the magneto-optical Kerr effect is given and subsequently the optical model used for 
the simulation of the MOKE spectra of layered systems is described. 
 
 
 
 
 
 
 
rubrene C60 pentacene H2Pc 
Figure 2.1. Molecules used as underlayer for the Ni deposition. 
 
2.1 Properties of the organic molecules and nickel 
2.1.1 Rubrene and rubrene peroxide   
Rubrene (C42H28) is a small molecule organic semiconductor material with many 
intriguing properties. The molecule of rubrene is composed of a tetracene backbone 
and four phenyl side groups (see figure 2.1, 2.3(a) and (b)). 
On one side, rubrene is used as dye or dopant in organic light emitting diodes 
(OLED) due to its strong electroluminescence efficiency. On the other side, rubrene 
shows very high charge carrier mobility. In single crystals of rubrene values up to 
10~30 cm2/Vs were reported [Boer, Hasegawa, Podzorov, Sundar]. In addition, it 
exhibits long spin relaxation times [Dediu]. Therefore, rubrene often finds application 
in organic electronic or spintronic devices [Boer, Hasegawa, Podzorov, Sundar]. 
When exposed to air rubrene films oxidize with the formation of rubrene peroxide 
[Kloc] and consequently change their optical properties [Kytka]. The Lewis formula of 
rubrene peroxide is shown in figure 2.2. 
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Figure 2.2. Lewis formula of rubrene peroxide according to Ref. [Kloc]. 
 
A very interesting property of rubrene is that it has molecular conformation change at 
different structure phases [Käfer05b]. In gas phase (figure 2.3(a)), the free rubrene 
molecule has a considerably twisted tetracene backbone and its outmost aromatic 
atom rings forms an angle of about 42º, an axial chirality molecule geometry. In 
crystalline phase (figures 2.3(b) and (c)), however, the rubrene molecule has a planar 
tetracene backbone, showing long range ordering and a loss of chirality. 
 
 
 
 
Figure 2.3. Molecular geometry of rubrene (a) in the gas phase and (b) in the crystalline phase 
together with (c) the rubrene crystal structure and (d) the molecular structure of rubrene peroxide. 
(After [Käfer05a](http://dx.doi.org/10.1039/b507620j).-Reproduced by permission of the PCCP 
Owner Societies.) 
 
When rubrene molecules condense from the gas phase to the crystalline phase, 
additional energy is needed to planarize their tetracene backbones. It was observed 
that, when rubrene was grown on Au(111) or SiO2 [Käfer05b] with a deposition rate 
of 0.2 – 0.7 nm/min under high vacuum (< 8⋅10-8 mbar), a change from the chiral to 
the planar conformation of rubrene, which may form crystallites, appears above a film 
thickness of 14 nm. Related to this, it was observed that there is an anomalous 
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roughness evolution of the rubrene thin film [Kowarik] happens during the OMBD 
growth (see Figure 2.4). The experiment was carried out by in situ X-ray scattering 
measurement with grazing incident diffraction method. The rubrene was deposited at 
2.2 nm/min.  
 
 
Figure 2.4. Evolution of the root mean square roughness with film thickness during OMBD growth of 
rubrene at 10 °C substrate temperature. The absolute error bar is ±0.7 nm, while the relative 
uncertainty is ±0.2 nm. The film is very smooth and only becomes rough at around 40 nm. Inset: 
typical real time reflectivity scan and fit (solid line) corresponding to 33.8 nm and 77.5 nm thickness. 
(From [Kowarik](http://dx.doi.org/10.1039/b517866e).-Reproduced by permission of the PCCP Owner 
Societies.) 
 
In [Kowarik] the rubrene films becomes smoother with increasing film thickness up to 
14 nm. This is different from the growth scenarios of other molecular materials [Krug, 
Dürr03], where the roughness exhibits a monotonic increase with thickness  
In this Ph.D. work rubrene was deposited at a much lower rate. As shown in chapter 
4, this fact leads to a different trend of the roughness evolution. 
Rubrene molecule has a high oxidation potential and can bind to one or two oxygen 
atoms, whereby the oxidized species connected to two oxygen atoms is called 
rubrene peroxide [Kloc]. 
In a recently published experiment Kytka et al. [Kytka] followed online, using 
spectroscopic ellipsometry, the change in the optical constants of a rubrene film 
(figure 2.5) upon oxygen exposure under illumination with a Xenon lamp, i.e. upon 
photo-oxidation. It should be mentioned, that the photo-oxidation of rubrene is orders 
of magnitude faster than oxidation without illumination. 
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Figure 2.5. Dielectric function 2ε  of the rubrene film before and during photo-oxidation (initial 
thickness is 25.1 nm). The absorption bands around 2.5 eV and 4.0 eV correspond to pristine 
rubrene, whereas the feature at 4.95 eV originates from oxidized rubrene. The relatively small 
difference between the pristine and '0 min' spectra shows the effect of exposure to air after 870 
min without illuminating the sample. (Reprinted with permission from [Kytka]. Copyright [2007], 
American Institute of Physics.) 
 
In this work, the oxidation properties of rubrene will be exploited to prove the high 
sensitivity of MOKE spectroscopy with respect to the optical and chemical properties 
of Ni/rubrene structures (see chapter 4). 
The molecule mobility on the surface of a substrate, which is governed by the 
interactions between molecule-substrate and molecule-molecule, is a very important 
factor during molecular film growth. On the example of a vicinal (0001) sapphire 
surface, it was shown that molecules with a three dimensional (3D) geometry, such 
as rubrene or N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD), exhibit higher 
mobility than molecules with a planar (2D) geometry, such as pentacene or 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) [Ribič]. The 3D structure of the 
molecule therefore expected to weaken the molecule-substrate interaction. 
 
2.1.2 Some properties of C60
The buckminster fullerene (C60) is a spherical molecule composed entirely of carbon 
atoms. The geometry of the C60 molecule is a truncated icosahedron, with carbon 
atoms at the vertices of each polygon and a bond along each polygon edge (figure 
2.1). Although it was reported that the C60 polymeric material prepared at high 
pressure and high temperature is ferromagnetic [Makarova] due to polymerization or 
contamination with magnetic impurity [Talyzin], the thin C60 films obtained by OMBD 
at room temperature in high vacuum are usually nonmagnetic. The powder of C60 is 
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reported to have either hcp or fcc structure [Krätschmer], [David], [Henke], [Hebard], 
[Heiney]. The crystallinity degree and the crystalline phase depend on parameters 
such as substrate material and deposition conditions [Henke], [Hebard]. On Si 
substrates the films obtained by low deposition rate in high vacuum are reported to 
be polycrystalline with the fcc structure [Datta]. The evolution of the morphology of 
the thin C60 film deposited on HF-treated Si substrates at low deposition rate (0.6 
nm/min and 1.2 nm/min) has been studied in [Datta] as a function of the film 
thickness. 
 
Figure 2.6. AFM images of C60 thin films deposited on Si substrates at various growth stages. The 
deposition times for the films are (a) 50 s, (b) 100 s, (c) 500 s, (d) 2000 s, and (e) 3000 s. The fields of 
view of the images are 500 × 500 nm2. (Reprinted with the permission from [Datta]. Copyright [2009], 
American Institute of Physics.) 
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The two low deposition rates, 0.6 nm/min and 1.2 nm/min, were found to lead to 
similar film growth.  
In the initial growth stage (figure 2.6 (a), (b)), the C60 thin film grows into large islands 
of 100~200 nm in diameter with large space between them, very similar to that in thin 
rubrene film (figure 4.1(d)). The formation of distinct large islands (figure 2.6 (b)), 
which are clusters of nanocrystlline granular domains, should be due to the high 
mobility of the 3D C60 molecule on the substrate surface. This is very similar to what 
happens in the initial stage of rubrene thin film growth at low deposition rate (figure 
4.1(d)). As the C60 film thickness increases the C60 islands beak up into smaller and 
random distributed islands, forming corrugated morphology (figure 2.6 (e)) composed 
of more uniformly distributed domains, similar to the rubrene film growth scenario 
described in chapter 4.1.1. 
 
2.1.3 Pentacene and phthalocyanine (H2Pc) 
Pentacene is a polycyclic aromatic hydrocarbon consisting of five benzene rings 
(figure 2.1). Pentacene is a popular organic semiconductor material, being widely 
used in the studies of organic thin film transistors and organic field-effect transistor 
(OFET) due to a very high hole mobility of up to 5.5 cm2/Vs [Yamashita]. 
Phthalocyanine is an intensely coloured macrocyclic compound. Phthalocyanine has 
the capability to form coordination complexes, of which many are also organic 
semiconductors, with most elements of the periodic table. We will show in chapter 6 
the ferromagnetic metal Ni can undergo a chemical reaction with the phthalocyanine 
to form nickel phthalocyanine (NiPc). 
 
2.1.4 Nickel 
As one of the important ferromagnetic elements in the periodic table, nickel has 
attracted extensive research. At room temperature, the thermodynamically stable 
phase of nickel is face centred cubic (fcc) crystal structure.  
The first observation [Illy] of hexagonal close packed (hcp) Ni crystal was realized in 
nickel particles obtained by chemical reduction from organic solvent. The study [Illy] 
shows that nickel nanoparticles have different crystal structures depending on their 
sizes. The crystal structure of nickel particles with a diameter below 4 nm was hcp 
whereas the larger particles have the fcc structure.  
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Since then, several other ways to fabricate hcp nickel were proposed (see e.g., 
[Chinnasamy, He, Mi]). By reduction of Ni(NO3)2 in polyethlene glycol (PEG) in the 
presence of an equimolecular mixture of oleic acid and oleyl amine, hcp nickel 
particles can be prepared with sizes up to 13 - 25nm [Tzitzios]. As a metastable 
structural phase, hcp nickel can be transformed to fcc under, e.g. thermal treatment 
at temperatures exceeding 400°C [Gong]. 
The other metastable structural phase of nickel, the body centred cubic (bcc) crystal 
structure, is more difficult to be prepared experimentally. It was possible to prepare 
nickel films with the bcc structure on the Fe(001) substrate, but the bcc phase was 
only stable up to 6 atomic layers [Heinrich01], [Heinrich02], and [Wang]. Magnetically 
isolated single-crystalline bcc Ni thin film with a thickness lower than 3.5 nm was 
obtained recently by epitaxial growth at 170 K on GaAs(100) substrate [Tian]. 
The growth of Ni films has been studied extensively. For example, in [Herrmann] it 
was reported that on oxidized Cu(110) Ni grows layer by layer, in contrast to the 
island growth found on clean Cu(110) substrates. Using MOKE spectroscopy and 
magnetometry it was found that on oxidized Cu(110) substrates the Ni films with a 
thickness between 7.5 and 35 ML, i.e. 2.64~12.32 nm exhibit an out-of-plane 
magnetization correlated with a flat layer morphology, i.e., two-dimensional growth 
mode of the Ni film. Above 35 ML (12.32 nm) roughening sets in and the 
magnetization direction rotates towards in-plane orientation again. 
In this work the Ni films with a thickness of 14 nm deposited at room temperature on 
Si(111) substrate covered by native oxide has a smooth morphology (figure 2.7 (a)), 
in agreement with the results of [Lee].  
The growth of Ni thin film on organic materials, however, is different from the growth 
on the SiO2 substrate. We will study the growth of Ni on rubrene films in the fourth 
chapter. 
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(a) 
(b) 
(c) 
Figure 2.7. AFM image of a Ni(14nm) film deposited on Si(111) substrate covered with native oxide (a); 
its hysteresis recorded at 3.5 eV by MOKE magnetometry (b); its MOKE spectrum recorded at 0.35 T 
(line plus symbols) along with the corresponding simulated MOKE spectrum (c). 
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The magnetic hysteresis recorded by MOKE magnetometry at 3.5 eV of the Ni(14 
nm) layer has a weak ferromagnetic behaviour with a coercive field of 0.011 T (figure 
2.7(b)). The saturation sets in at about 0.3 T. The Ni film having a similar thickness 
(40 ML) deposited on a Cu substrate exhibits a similar hysteresis loop shape, only 
with a larger coercive field [Herrmann]. This was attributed to a rotation of the easy 
axis from perpendicular to the substrate plane towards the substrate plane 
[Herrmann]  
Figure 2.7(c) shows the MOKE spectrum of this Ni(14 nm) layer. The spectral shape 
and intensity compares well with that reported in [Herrmann] for Ni/Cu(110) with 
some deviation in the low energy range, which might be due to the different 
substrates. The MOKE spectrum was simulated following the procedure described in 
chapter 2.3 using the Ni optical constants from [Palik] and the Voigt constant from 
[Herrmann]. According to [Oppeneer] the feature around 3.5 eV to 4.5 eV that 
dominates the MOKE spectrum stems from transition involving the Ni 3d states. 
From the simulation of the MOKE spectrum, the effective thickness of Ni film is 
13.5 nm, in agreement with the X-ray reflectivity (XRR) results, 14 nm. 
 
2.2 Magneto-optical Kerr effect 
The change in the polarization state induced by reflection on a sample under 
magnetic field is known as magneto-optical Kerr effect (MOKE) [Sugano, Zvezdin] 
and has its origin in the modification of the dielectric properties of the material in the 
presence of a magnetic field and can be described by a material parameter Q, the 
so-called Voigt constant. 
According to the direction of magnetization vector with respect to the reflection 
surface and the plane of incidence, the MOKE can be categorized into three 
geometries, the polar MOKE, the longitudinal MOKE, and the transversal MOKE.  
When the magnetization vector is perpendicular to the reflection surface and parallel 
to the plane of incidence, the effect is called the polar Kerr effect. For half-space 
materials with small Kerr rotation angles,  
.
1K
i Qεφ ε≈ −         (2.1)  
[Bauer], where φK, ε, and Q are the complex Kerr rotation angle, dielectric function, 
and the Voigt constant of the material, respectively. 
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For thin films with a thickness less than the penetration depth of light (approximately 
several tens of nanometers for visible light) this formula does not hold any more due 
to multiple reflections and transmission of light at/through the interfaces which lead to 
interference modulated Kerr rotation angles. Therefore a simulation model is required 
for the calculation of the MOKE signals of the thin Ni layer and Ni/organic 
semiconductor bilayers. 
 
2.3 Simulation model used for the MOKE spectra 
In order to simulate the MOKE spectra of Ni/organic bilayers, we made the following 
assumptions: 
1. As shown in figure 2.8, the optical system has four components: the half 
space air, a top layer with thickness dt, a bottom layer with thickness db and the 
substrate. The substrate is also treated as a half space due to its relatively large 
thickness compared to the penetration length of light in the measured spectral 
range. 
2. The layers have spatial homogeneous optical constants. The optical 
constants of Si [Jr], SiO2 [Palik], Ni [Palik], NiO [Galván] and rubrene [Kytka] are 
taken from literatures.  
3. The interfaces are perfectly flat and all reflections are considered by 
geometric series. 
4. The angle of incidence is zero. 
5. The magnetism of all layers is neglected except for the Ni layer in which the 
optical constants become different for right (σ+) and left (σ–) circularly polarized 
light in a polar magnetic field:  
⎟⎠
⎞⎜⎝
⎛=± 21
Qññ ∓ ,        (2.2) 
The Voigt constant Q of Ni is taken from ref. [Herrmann]. 
 
 19
2. Theoretical background 
 
Figure 2.8. Illustration of the simulation model. The sketch holds for each of the two circular 
polarisation states of the light, and the electric field vectors of the outgoing radiation, Ẽout, are 
summed up separately for each of the two circular polarisation states. For a better visualization the 
angle of incidence is shown to be larger than zero in the sketch, while the model is constructed for 
the case of normal incidence. 
 
 
The lack of MOKE signal from the substrate and from the single rubrene, fullerene 
and pentacene layer on the substrate was checked experimentally in this work.  
The Fresnel formulas for transmission t and reflection r, as well as the exponential 
phase/attenuation term a on the paths inside the layers are used in order to calculate 
the effective reflection coefficient u of the top-bottom-substrate system.  
ATTB
2
T
TB
2
TAT
1 rua
uaru ⋅⋅+
⋅+=        (2.3), 
with 
TBBS
2
B
BS
2
BTB
TB 1 rra
raru ⋅⋅+
⋅+=       (2.4), 
21
1
12
2
ññ
ñt +=         (2.5),   
21
21
12 ññ
ññr +
−=         (2.6), 
and ⎟⎟⎠
⎞⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛⋅= 111 iexp dcña
ω
      (2.7). 
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The indices stand for: A - air, T - top layer, B - bottom layer, S - substrate (Si covered 
by 2.5 nm native SiO2). 
Using the Jones formalism and decomposing the incident linearly polarised light into 
two circular components: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=+ i
1
2
1J  and ⎟⎟⎠
⎞
⎜⎜⎝
⎛=− i-
1
2
1J      (2.8), 
which are the eigenmodes of the light in the given geometry and are modified 
separately upon reflection on the sample by u+ and u–, respectively, the complex Kerr 
angle can be calculated as: 
)(
)(i
arctanK
−+
−+
+
−=
uu
uu
Θ       (2.9). 
Based on the above model, the MOKE spectra of Ni/rubrene bilayers were calculated 
from the equation (2.9). The formulas were implemented in a Python script making 
use of the packages “NumPy” and “SciPy”[Python]. 
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3. Experimental work 
 
3.1 MOKE setup 
In this work an incident angle of 1.3° was used, i.e. a quasi-polar geometry. The 
layout of the polar geometry MOKE setup is showed in figure 3.1.  
 
Figure 3.1. Sketch of the polar geometry MOKE setup used in this work. 
 
The operation of this system can be analyzed using Mueller matrices and Fourier 
analysis. The Kerr rotation angle and Kerr ellipticity are the real part and imaginary 
part of formula (2.9) and could be calculated with small angle approximation due to 
their usually very small values. 
The Stokes vector is 
0
1
2
3
.
S I
S Q
S
S U
S V
⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠
JG
(3.1) 
The Stokes parameters 0S , 1S , 2S and 3S in (3.1) are defined as 
2 2
0 0° 90° x yS I P P E E= = + =< + >      (3.1a) 
2 2
1 0° 90° x yS Q P P E E= = − =< − >      (3.1b) 
2 45° 135° 2 cosx yS U P P E E δ= = − =< >     (3.1c) 
3 RZ LZ 2 sinx yS V P P E E δ= = − =< >      (3.1d) 
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Here P  is the measured power of the light after passing through a horizontal (0°), 
vertical (90°), 45°, and 135° oriented ideal polarizer and the right and left circularly 
polarized portion of light. Alternatively, they can be defined by the time-averaged 
amplitudes xE , yE  of the electrical wave vector in an orthogonal coordinate system 
and their relative phaseδ . 
Typically, the Stokes parameters are normalized to the incident power by dividing all 
four values in (3.1a)~(3.1d) by 0S . Thus we have the normalized Stokes vector 
0
1
2
3
1
.
s
s q
s
s u
s v
⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠
G
       (3.2) 
We can calculate the Kerr rotation and Kerr ellipticity (see, e.g. [Kliger]) with 
11 1tan ( ) .
2 2
U U
Q Q
θ −= ≈ = 1
2
u
q
     (3.3)  
and 
11 1tan[ sin ( )] .
2 2
V V
I I
ε −= ≈
2
v=      (3.4) 
The light incident on the sample is linearly polarized at 0° in the laboratory coordinate 
system (figure 3.1) with Stokes vector 
1
1
.
0
0
incidentS
⎛ ⎞⎜ ⎟−⎜ ⎟= ⎜ ⎟⎜ ⎟⎝ ⎠
       (3.5) 
To the first order, in the reflected beam, Q and I are maintained. The real and 
imaginary parts of the complex Kerr rotation, i.e. the kθ  and kε , are very small. And 
the sign of u  and v  will change after reflection. Thereby the Stokes vector of the 
reflected light beam is 
1
1
.
2
2
reflection
k
k
S θ
ε
⎛ ⎞⎜ ⎟−⎜= ⎜⎜ ⎟−⎝ ⎠
⎟⎟        (3.6) 
The Mueller matrix for the photoelastic modulator (PEM) is: 
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1 0 0 0
0 1 0 0
( ) .
0 0 cos( ) sin( )
0 0 sin( ) cos( )
M A
A A
A A
⎛ ⎞⎜ ⎟⎜= ⎜⎜ ⎟−⎝ ⎠
⎟⎟      (3.7),   
where 0 sin( ).A A tω=       (3.8)    
is the time-dependent retardation in the PEM. 
The Stokes vector of the light after passing through the PEM is then 
1
1
( , , ) ( )
2 cos( ) 2 sin( )
2 sin( ) 2 cos( )
p k k reflection
k k
k k
S A M A S
A A
A A
θ ε θ ε .
θ ε
⎛ ⎞⎜ ⎟−⎜ ⎟= ⋅ → ⎜ ⎟⋅ ⋅ − ⋅ ⋅⎜ ⎟− ⋅ ⋅ − ⋅ ⋅⎝ ⎠
 (3.9) 
 
The next component is a linear polarizer, the analyzer, at +45°, 
 
1 0 1 0
0 0 0 01 .
1 0 1 02
0 0 0 0
aM
⎛ ⎞⎜ ⎟⎜= ⋅⎜⎜ ⎟⎝ ⎠
⎟⎟       (3.10)  
Here aM is calculated from the formulae of Mueller matrix of a device which optical 
axis oriented at an angle θ to the horizontal axis: 
( ) ( 2 ) (0) (2 ).M T M Tθ θ θ= − ⋅ ⋅  (3.11) 
in which 
0.5 0.5 0 0
0.5 0.5 0 0
(0)
0 0 0 0
0 0 0 0
M
⎛ ⎞⎜ ⎟⎜= ⎜⎜ ⎟⎝ ⎠
⎟⎟      (3.12) 
is the Mueller matrix for the horizontal polarizer and 
1 0 0
0 cos(2 ) sin(2 ) 0
(2 )
0 sin(2 ) cos(2 ) 0
0 0 0
T
θ θθ θ θ
⎛ ⎞⎜ ⎟⎜= ⎜ −⎜ ⎟⎝ ⎠
0
1
⎟⎟     (3.13) 
The Stokes vector of the light arriving at the detector is then 
0.5 cos( ) sin( )
0
( , , ) ( , , ) .
0.5 cos( ) sin( )
0
k k
d k k a p k k
k k
A A
S A M S A
A A
θ ε
θ ε θ ε θ ε
+ ⋅ − ⋅⎛ ⎞⎜ ⎟⎜ ⎟= ⋅ → ⎜ ⎟− ⋅ − ⋅⎜ ⎟⎝ ⎠
(3.14) 
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The top line of the final matrix is proportional to the intensity of the light at the 
detector vs. time. Defining 0I  as the average or DC intensity, we may write 
0( ) [1 2 cos( ) 2 sin( )]k kI t I A Aθ ε= ⋅ + ⋅ − ⋅ .    (3.15) 
Using the real-valued formation [Abramowitz] of the Jacobi-Anger expansion 
0 2
1
cos( sin ) ( ) 2 ( )cos(2 )n
n
z J z J z nθ θ∞
=
= + ∑     (3.16a) 
and 
2 1
1
sin( sin ) 2 ( )sin[(2 1) ]n
n
z J z nθ θ∞ −
=
= ∑ −     (3.16b). 
Here ( )nJ z  is the Bessel function. 
Combined with the equations (3.8), (3.16a), (3.16b) and (3.15), the ( )I t  can be 
expanded as Fourier series  
0 0 0 1 0 2 0( ) [1 2 ( ) 4 ( )sin( ) 4 ( ) cos(2 ) ]k k kI t I J A J A t J A tθ ε ω θ ω= ⋅ + ⋅ − + ⋅ +" (3.17) 
The second term in (3.17) may be neglected because  
(1) kθ  is very small and 
(2) 0 2.405A =  Radians, in this case 0 0J = .  
Therefore 0 1 0 2 0( ) [1 4 ( )sin( ) 4 ( ) cos(2 ) ]k kI t I J A t J A tε ω θ ω= ⋅ − + ⋅ +"  (3.18) 
So we have 
2
2
2
4
f
k
DC
V
J V
θ =          (3.19)  
and     
1
1
2
4
f
k
DC
V
J V
ε =         (3.20). 
 
By recording the DC, V1f and V2f values, the Kerr rotation kθ  and Kerr ellipticity kε  can 
be obtained with the above formulae. 
The magneto-optical measurements were performed using a home-made MOKE 
setup built after [Herrmann] that allows for measurements in the polar geometry. The 
light energy can be varied continuously between 1.5 eV and 5.5 eV. In addition, 
magnetic field up to 1.7 T can be applied perpendicular to the substrate plane. The 
linearly polarized light strikes the sample at near-normal incidence. After reflection on 
the sample the polarization state of the light changes from linear to elliptical. The 
setup measures the complex Kerr rotation k k i kθ εΘ = + , where kθ  is the tilt angle of 
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the main axis of polarisation introduced by the reflection on the sample, and kε  the 
ellipticity. The sign of the MOKE spectra is defined following a sign convention often 
met in literature (see e.g. [Herrmann]). 
All MOKE measurements presented in this work were carried out ex situ in ambient 
air condition at room temperature (RT). 
 
3.2 Ultra-high vacuum system 
During this work an ultra-high vacuum (UHV) chamber for the sample preparation 
was designed and constructed. The layout of the UHV system can be illustrated in 
figures 3.2. and 3.3. This UHV chamber will later also serve for in situ MOKE 
measurements. 
 
Figure 3.2. Top view of the UHV chamber for the sample preparation and the in situ MOKE 
measurements. 
 
On the top of the main chamber there is a manipulator (not shown) which can hold 
the sample during its preparation. The chamber connects to an arm designed for in 
situ MOKE measurements and to two transfer rod systems. The vacuum system is 
mounted on a movable supporting frame which can be moved along the horizontal 
direction. Thereby the arm for in situ MOKE measurements can be moved inside and 
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outside of the electromagnet coil sketched on the left hand side of the figure 3.2. 
During the in situ MOKE measurement, the incident light will hit the sample at near 
normal incidence after passing through one magnet hollow core and the side-window 
of the arm. 
 
 
 
Figure 3.3. Side view of the UHV chamber for the sample preparation and the in situ MOKE 
measurements. 
 
The sample is transferred into the main UHV chamber via a small high vacuum 
chamber, the transfer chamber which can reach a pressure of 10-7 mbar. The transfer 
of the sample from the main chamber into the arm for MOKE measurements is 
performed using the transfer rod connected directly to the main chamber. 
The main chamber is pumped by a titanium sublimation pump, an ion pump, and a 
turbomolecular pump which is connected to a mechanical pump. A base pressure of 
4.5⋅10-10 mbar can thus be achieved. 
The main chamber is equipped with Knudsen cells for the sublimation of the organic 
materials and with an electron beam evaporator for the metal evaporation.  
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3.3 Sample preparation 
In order to prepare samples, p-Si(111) substrates, covered with ca. 2 nm native 
oxide, were transferred into a high vacuum chamber ((9±3)⋅10-9 mbar) after being 
cleaned, unless otherwise stated, sequentially by acetone, ethanol, and deionized 
water in an ultrasonic bath for 5 minutes each. 
The organic molecules were deposited by organic molecular beam deposition 
(OMBD) from the Knudsen cell. 
Ni was deposited at a constant deposition rate of (0.26±0.03) nm/min using the 
electron beam evaporator. 
The thickness of Ni film was measured by variable angle spectroscopic ellipsometry 
(VASE) and checked with X-ray reflectometry. Since the thickness is proportional to 
the deposition time and the metal particle flux current in the electron beam 
evaporator, we can in this way have the calibrated parameters, the flux current and 
time, relating to thickness. The final thickness of an organic film was measured by 
VASE measurement and the corresponding frequency shift of the quartz 
microbalance, which was positioned near the sample during its fabrication, was used 
as a calibration value for the fabrication of further samples from the same material. 
All characterization methods were employed ex situ after the samples were exposed 
to atmosphere. 
 
3.4 Other characterization methods (AFM, SQUID, TEM, XRR) 
Most of the atomic force microscopy (AFM) measurements were carried out using an 
AFM Autoprobe CP apparatus (Park Scientific Instruments). The images were 
acquired using sharpened micro tips (MSCT-AUHW) in contact mode. All AFM 
pictures were flattened and the sample tilt was removed by subtracting a second-
order polynomial to eliminate scanner influences. 
The superconducting quantum interference device (SQUID) measurements were 
carried out with a Quantum design MPMS-5S XL SQUID magnetometer. 
The transmission electron microscopy (TEM) investigations were performed using a 
Philips CM 20 FEG electron microscope. 
X-ray reflectivity (XRR) measurement was made using a SEIFERT 3000 PTS 
diffractometer with Cu Kα (λ=1.5415 Ǻ) radiation. 
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4. Ni/rubrene bilayers 
 
Metal/organic heterostructures formed by the deposition of metals on organic films 
find a wide application range in organic electronics and spintronics, e.g. [Klauk], 
[Naber], [Zahn], as organic layers can be used to mediate or control a spin-polarized 
signal. Great research efforts are still needed to clarify issues such as the nature of 
the spin transport in organic materials as well as the influence of the interface with 
the ferromagnetic electrodes on the device performance. Another crucial issue is the 
formation and the magnetic properties of the ferromagnetic electrode, such as Fe, Co 
and Ni, on top of the organic layer in the vertically stacked devices such as spin 
valves.  
Till now only few works focus on the formation of ferromagnetic layers on top of 
organic films (see e.g. [Bergenti, Ma, Zhan]) are reported. Interestingly, when cobalt 
was deposited onto thin layers of an organic semiconductor, Alq3, it was found that 
the organic film has a template effect on the growth of the metal [Bergenti]. 
The ageing of devices containing organic materials has become an important 
research topic during the past years, see e.g. [Lehmann]. The high oxidation 
potential of rubrene motivates its choice as model system in this work in order to 
prove the high sensitivity of MOKE spectroscopy with respect to the optical and 
chemical properties of Ni/rubrene structures. Since rubrene itself, as many other non-
planar molecules, has a negligible MOKE signal, the MOKE investigations require the 
presence of a ferromagnetic layer below or above the organic layer.  
In this work the configuration with the top metal layer, using the example of Ni, is 
considered due to its relevance for vertically stacked spintronic devices (see e.g. 
[Dediu, Naber, Xiong]). This chapter focuses on the investigation of structural and 
morphological, as well as ageing and magnetic properties of Ni/rubrene bilayers. 
 
4.1 Structure and morphology of Ni/rubrene bilayers and rubrene layers  
The Ni/rubrene bilayers investigated in this chapter were produced by subsequent 
deposition of the organic and the metal layers in UHV. 
The rubrene source material was purified by gradient sublimation. The deposition 
rate of rubrene is (0.11±0.01) nm/min onto the SiO2/p-Si(111) substrate. Immediately 
after the deposition of rubrene, Ni was deposited onto the rubrene layer at a constant 
deposition rate of (0.26±0.03) nm/min using an electron beam evaporator. 
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4.1.1 Bilayers grown on flat SiO2/Si(111) and NaCl substrates 
Figure 4.1 (a) and (b) shows the AFM images of two Ni/rubrene bilayers having 
different thicknesses of the rubrene underlayer. The bilayer Ni(14 nm)/rubrene(50 
nm) (Figure 4.1(a)) covers almost homogeneously the substrate with only few voids. 
The inset picture shows that the surface of this bilayer exhibits a fine structure of 
about 50nm in lateral dimensions.  
 
 
Figure 4.1. AFM images of Ni(14 nm)/rubrene(50 nm) (a) and Ni(14 nm)/rubrene(15 nm) (b) bilayers. For 
comparison, the AFM images of rubrene single layers having the thickness 50 nm and 15 nm are shown 
in (c) and (d), respectively. The insets are 1µm x 1µm-scan AFM images which are enlarged two times. 
The sketches at the bottom present schematically the structure of the corresponding samples. 
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The AFM images of the Ni(14 nm)/rubrene(15 nm) bilayer show well separated 
islands with lateral size of about 100 nm to 200 nm (Figure 4.1(b)). The AFM images 
of the single rubrene layers having the same thickness as in the heterostructure, 
shown in figure 4.1 (c) and (d), reveal great similarities between the morphology of 
the single rubrene layers and that of the corresponding heterostructures. The 
heterostructures exhibit, however, a granular substructure with lateral dimensions in 
the range of ~30 nm-50 nm which is superimposed on the rubrene-like morphology 
(see the insets of figure. 4.1(a) and 4.1(b) and the figure 4.2) and could be ascribed 
to the covering Ni film. This leads to the hypothesis that the islands should be formed 
by rubrene and are later on covered by Ni. 
The granular substructure of the top Ni layer superimposed on the rubrene is more 
clearly illustrated in the 3D AFM images (figure 4.2). In figure 4.2(a) is the 3D AFM 
images of Ni(14 nm)/rubrene(50 nm) bilayer. Compared to that of single rubrene (50 
nm) layer (figure 4.2(c)), the bilayer has clear granular substructure which originates 
from the covering Ni particles. Similarly, compared to the 3D AFM image of the single 
rubrene(15 nm) layer (figure 4.2(d)), the Ni(14 nm)/rubrene(15 nm) bilayer clearly 
show in its 3D AFM image (figure 4.3(b)) the additional granular substructure due to 
the Ni toplayer. 
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(a) (c) 
(b) (d) 
Figure 4.2 Three-dimensional (3D) AFM images of Ni(14 nm)/rubrene(50 nm) (a) and Ni(14 
nm)/rubrene(15 nm) (b) bilayers and of rubrene single layers having the thickness 50 nm (c) and 15 nm 
(d). 
 
To elucidate the structure of the bilayers additional TEM investigations (figure 4.3) 
were performed. Since the bilayers were grown on Si substrate, the following sample 
preparation was used for removing the films from the substrate: a film of amorphous 
carbon was first deposited onto the samples. Subsequently, the samples were 
inserted into acetone and a Cu hole-mask was pressed onto the amorphous C film.  
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 (a) 
 (b) 
Figure 4.3. TEM images of Ni-covered carbon films detached from: (a) Ni(14 nm)/rubrene(50 nm); 
(b) Ni(14 nm)/rubrene(15 nm). The inserts in (b) show higher magnified sections including dark 
patches which represent pieces of the Ni caps. 
 
In the case of the Ni(14 nm)/rubrene(50 nm) sample this procedure lead to an easy 
removal of the C film with the Ni layer sticking on it, while in the case of the 
Ni(14 nm)/rubrene(15 nm) only few regions of the C film with very little Ni sticking to it 
could be removed. In figure 4.3 the dark regions of the TEM images correspond to Ni 
and the bright regions to C.  
The presence of nanocrystalline Ni on the C film was proven in both cases by 
complementary electron diffraction measurements (see figure 4.4).  
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 (a) 
 (b) 
Figure 4.4. Electron diffraction images of Ni-covered carbon films detached from: (a) 
Ni(14 nm)/rubrene(50 nm); (b)Ni(14 nm)/rubrene(15 nm). The diffraction rings demonstrate the 
presence of crystallites with nanometer size consisting of Ni in the fcc structure. 
 
 
A comparison of the TEM images (figure. 4.3) with the AFM images of the samples 
(figure 4.1) shows that the C film perfectly copies the morphology of the 
corresponding sample. 
The presence of only few Ni regions in figure 4.3(b) can be understood if one 
considers the following scenario: the thin rubrene film (15 nm) grows in islands due to 
its relative high mobility [Ribič] on the substrate at the low evaporation rate used in 
our experiment; Ni follows the morphology of the rubrene islands, capping them and 
filling the space between the islands. The granular structure of the bilayer probably 
hinders acetone to dissolve completely the Ni-capped rubrene islands. However, 
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some of the Ni regions that could be detached from the sample exhibit a cap-like 
shape (see lower inset in figure 4.3(b)), a clear evidence for the fact that the islands 
observed in AFM consist of rubrene and are capped by Ni. 
The continuous Ni coverage of the C film in figure 4.3(a) can be explained 
considering that a continuous Ni film is formed on the thicker and smoother rubrene 
layer (50 nm). The rubrene layer is most probably entirely dissolved by acetone 
during the sample preparation for TEM and the Ni film originally formed on top of it 
can easily be removed together with the C film. This is an indication that under the 
evaporation conditions used in this work a thickness of 50 nm is already enough for 
the rubrene islands to merge and form an almost closed layer. 
To obtain information about different sample areas, a Ni(14 nm)/rubrene(13 nm) 
bilayer was prepared in the ultra-high vacuum chamber with the base pressure of 
~4⋅10-9 mbar on NaCl substrate. The deposition rate of rubrene and nickel was 
0.10±0.02 nm/min and 0.16±0.02 nm/min, respectively. Prior to the TEM and electron 
diffraction measurements the NaCl substrate was dissolved in water and the bilayer 
was collected onto a Cu grid. 
TEM measurements show that the bilayer is composed of distinct islands (figure 
4.5(a)), similar in shape and size to those observed for Ni(14 nm)/rubrene(15 nm) on 
SiO2/Si(111) substrates.  
The electron diffraction pattern differs slightly between the image of a small sample 
area located between the islands (figure 4.5(c)) and that of the region on top of one 
island (figure 4.5(d)), while the electron diffraction pattern obtained for a large area 
containing several islands (figure 4.5(e)) appears as a weighted sum of the patterns 
(c) and (d). The brightest diffraction rings can be simulated well using the structure 
parameters of the fcc Ni (figure 4.5(e)). Two weak diffraction rings, however, can not 
be reproduced: a weak ring inside the first bright ring and one ring located between 
the second and the third bright rings. These two weak rings have stronger intensity in 
the diffraction pattern measured between the islands (figure 4.5(c)). 
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 (a)  (b) 
 (c)  (d) 
 (e)  (f) 
Figure 4.5. The TEM bright (a) and dark (b) field image of a Ni(14 nm)/rubrene(13 nm) bilayer. With selected 
area diffraction, the electron diffraction patterns of the same sample on a small sample region between 
islands (c), a small sample area on islands (d), and a large sample area (e) including many islands and the 
regions between the islands are obtained. The diffraction rings superimposed on (e) correspond to fcc Ni 
(a=0.352 nm). The simulated diffraction rings of NiO (f) with the fcc structure (a=0.4169nm, calculated from 
ref. [Hotovy]) are superimposed on the pattern recorded from a small sample region between islands, i.e. 
the image in (c). 
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Although the simulation using the fcc Ni phase with the 0.352 nm lattice constant 
(figure 4.5(e)) fits very well the bright rings, the two weak diffraction rings, very clearly 
illustrated in figure 4.5(c), can not be fitted with crystal parameters of hcp Ni [Gong] 
or bcc Ni [Tian]. Considering the Ni could have been oxidized before the TEM 
measurement, the crystal parameter of fcc NiO [Hotovy] was used in the simulation of 
these weak diffraction rings. As shown in figure 4.5(f), the simulation fits the 
experimental diffraction rings very well.  
The comparison between figure 4.5(c) and (d) gives an interesting insight into the 
sample structures. The NiO-related diffraction ring is much stronger in the diffraction 
pattern recorded between islands than in that recorded on islands. Since the islands 
are composed of rubrene islands covered by Ni, while between islands the rubrene 
thickness is very low, one can assume that nickel partially diffuses into the rubrene 
islands, a fact which reduces the nickel oxidation in the islands compared to the 
region between the islands.  
Although our MOKE study for Ni(14 nm) deposited on Si substrate and rubrene 
underlayer (it will be addressed later) show the Ni has only slightly oxidation, the Ni 
deposited on the NaCl substrate, i.e. the area between the islands in this sample, 
could have much stronger oxidation. This oxidation is possible due to the interaction 
between Ni and NaCl. 
Furthermore, the azimuthal distribution of diffracted electron intensity in the image 
recorded between islands (figure 4.5(c)) is more inhomogeneous than in that 
recorded on an island (figure 4.5(d)). A possible reason is that the average size of 
the Ni particles between the islands is larger than that on the islands (see figure 
4.5(b)). Another possible reason is the interaction between the NaCl substrate and Ni 
leads to preferred orientation of Ni crystallites on the NaCl substrate. 
The crystal orientations of the Ni crystallites between the islands (figure 4.5(c)) were 
simulated (figure 4.6). The best match between simulation and the experimental 
diffraction patterns was achieved for the crystal orientations Ni(100) ((figure 4.6(a)) 
and Ni(110) (figure 4.6 (b) and (c)). For the Ni(110) orientation, the azimuth angle of 
the Ni crystalline on the NaCl substrate has two preferred orientations which are 
perpendicular to each other (figure 4.6 (b) and (c)). The interaction between NaCl 
substrate and Ni could account for these preferred crystalline orientations. 
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                                     (a) 
                                     (b) 
                                    (c) 
Figure 4.6. Diffraction patterns obtained by TEM measurements of a Ni(14 nm)/rubrene(13 nm) 
bilayer deposited on NaCl substrate. The simulated diffraction spots for fcc Ni (a=0.352 nm) with Ni 
crystal orientation of (a) Ni(100), (b) Ni(110) and (c) Ni(110) are shown in red. The difference between 
(b) and (c) is that the azimuthal orientation of the crystallites are perpendicular to each other. 
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4.1.2 Growth of rubrene on structured substrate 
Rubrene was also deposited onto structured p-type Si(110) substrates prepared by 
lithography process covered with SiO2. The substrate morphology, measured by 
AFM, is shown in figure 4.7. The patterned area is composed of periodic grooves. 
Every groove is 60 nm wide and 30 nm high. The distance between two neighbouring 
grooves is 60 nm. The profile of the groove in cross section is very close to 
rectangular (figure 4.7(c)). 
The structured substrate provides a template for controlling the growth of rubrene 
molecules. We deposited rubrene of 15 nm with a rate of 0.1 nm/min on the 
structured substrate. Immediately after the deposition of rubrene, a 5 nm Ni film was 
deposited on surface of the rubrene to ”freeze” the rubrene morphology. This step 
was necessary since the AFM tip was found to disturb the rubrene morphology of the 
“uncapped” samples in the patterned substrate region. The Ni was deposited by e-
beam evaporator with a rate of 0.16 nm/min. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.7. AFM images of (a) the bare pattern area of the structured SiO2 substrate, and (b) the 
Ni(5nm)/rubrene(15nm) on the pattern area. (c) The profile of line 1 on the bare substrate as shown in (a).  
(d) The profile of line 1 on the Ni/rubrene bilayer as shown in (b).  
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The AFM image of the Ni(5 nm)/rubrene(15 nm) bilayer on the pattern area of the 
structured substrate is shown in figure 4.7(b). From the height profile along a line 
perpendicular to the grooves, shown in figure 4.7(d), the height difference between 
the bottom and top of the groove becomes smaller compared to that of the bare 
substrate (figure 4.7(c)). The smaller distance between the bottom and the top of the 
groove is an indication that the rubrene molecules fill the grooves. 
A typical AFM image of the Ni(5 nm)/rubrene(15 nm) bilayer outside the pattern area 
is shown in figure 4.8(b). Since there is no groove to control or tune the diffusion of 
the rubrene molecules, the main growth mechanism would be governed by the 
molecule-molecules interaction instead of molecule-substrate interaction. It is thus 
not surprising that rubrene grows in random islands (figure 4.8(b)), similar to the 
experiment presented in figure 4.1(d). For comparison, the AFM images of rubrene 
on the patterned are of the sample is shown in figure 4.8(a). 
To further explore the influence from the molecule-molecule interaction on the 
organic film growth, we increased the deposition rate of rubrene during its growth.  
In the pattern area, the AFM measurement of the Ni(5 nm)/rubrene(15 nm) bilayer in 
which rubrene was deposited with higher rate is shown in figure 4.8(c). Compared to 
that of low rubrene deposition rate sample (figure 4.8(a)), the morphology becomes 
more rough. Outside the pattern area, however, the morphology of this 
Ni(5 nm)/rubrene(15 nm) bilayer is much smoother (figure 4.8(d)) than that of the low 
rubrene deposition rate sample (figure 4.8(b)). Both findings can be explained 
considering that, when the flux of incoming rubrene molecule becomes higher, the 
diffusing rubrene molecule on the substrate surface is impeded by the intermolecular 
interactions. Inside the patterned area the island size is limited by the groove width. 
On the flat substrate, the intermolecular interactions prevent the randomly formed 
islands from growing into larger islands (as observed for low rubrene deposition 
rates).  
When the nominal thickness of rubrene increases to 43 nm, the pattern area is buried 
by the thicker rubrene film. Consequently, the morphology becomes smoother also in 
the patterned substrate region (figure 4.8(e)). 
 
 40
4. Ni/rubrene bilayers 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
Figure 4.8. AFM images of Ni/rubrene bilayers on Si(111) covered with SiO2 substrate: on patterned 
substrate areas (a) Ni(5 nm, 0.16 nm/min)/rubrene(15 nm, 0.1 nm/min), (c) Ni(5 nm, 
0.16 nm/min)/rubrene(15 nm, 2 nm/min) and (e) Ni(2 nm, 0.07 nm/min)/rubrene(43 nm) and outside the 
patterned area: (b) Ni(5 nm, 0.16 nm/min)/rubrene(15 nm, 0.1 nm/min), and (d) Ni(5 nm, 
0.16 nm/min)/rubrene(15 nm, 2 nm/min).  
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These experiments show that structured substrates provide a template which, in 
combination with the careful choice of the rubrene deposition rate, can be used to 
tune the rubrene growth mode. 
 
4.2 Ageing effect in the Ni/rubrene heterostructures studied by MOKE 
spectroscopy 
In this section the MOKE spectra of the Ni/rubrene bilayers are investigated with 
special emphasis on the influence of changing optical constants of rubrene due to 
oxidation on the overall MOKE spectral shape. 
All MOKE spectra were recorded in saturation (at 0.35 T) in order to exclude the 
effect of the variation in the magnetic properties on the following simulations. 
The experimental MOKE spectra of 14 nm Ni layer deposited onto a 50 nm layer of 
pristine rubrene (line plus squares) and onto a 50 nm of pre-oxidized rubrene (see 
below) (line plus triangles) are shown in the figure 4.9(a). Both experimental spectra 
in figure 4.9(a) were recorded immediately after exposing the samples to air. The 
recording of a MOKE spectrum took about 400 min. In the following we will refer to 
rubrene (R) underlayer when the Ni layer was grown onto freshly prepared pristine 
rubrene layers or to pre-oxidized rubrene (POR) when the rubrene layer was 
exposed to the ambient atmosphere for 60 min prior to Ni deposition. In some cases, 
the optical constants of oxidized rubrene (OR) obtained by exposing a rubrene layer 
to air under Xe lamp illumination for different time intervals, taken from Ref.[Kytka], 
will be considered in the simulations. 
Due to its low thickness (14 nm) the Ni layer is transparent for light in the 
measurement spectral range. The light transmitted through the Ni layer is multiple 
times reflected at the rubrene/substrate and rubrene/Ni interfaces. The interference 
of the light beams leaving the sample has significant influence on the MOKE spectra: 
depending on the thickness of the rubrene layer the spectral features can undergo 
energetic shifts, change their magnitude, or even change their sign (compare figure 
4.9(a) and figure 4.10(a)). In order to simulate the MOKE spectra we used an 
extension of the model presented in a previous paper [Fronk] (presented in chapter 
2.3). Here two layers are inserted between air and the substrate, in some cases even 
more layers are considered to account for e.g. NiO. In the simulation, the optical 
constants of all layers [Kytka, Palik] and the Voigt constant of the magnetic layer 
[Herrmann] enter as input parameters.  
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 (a) 
 (b) 
 (c) 
Figure 4.9. (a) Experimental and simulated MOKE spectra of a Ni(14 nm)/rubrene(50 nm) bilayer. The 
abbreviations R, OR, and POR stand for pristine rubrene, photo-oxidized rubrene and pre-oxidized 
rubrene, respectively. (b) Experimental MOKE spectra of a Ni(14 nm)/rubrene(50 nm) bilayer recorded 
at several time intervals after removal from UHV. (c) Simulated MOKE spectra for Ni(14 nm)/rubrene 
bilayers using the optical constants of a rubrene layer exposed for 870 min at an air pressure of 40 
mbar, taken from ref. [Kytka].  
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The MOKE spectrum simulated using the optical constants [Kytka] of pristine rubrene 
(dash-dotted line in figure 4.9(a)) fits the corresponding experimental spectrum very 
well, especially in the spectral range from 3.2 eV to 5 eV. Also the double spectral 
feature at 2.3 eV and 2.5 eV, stemming from the optical absorption of the 
energetically lowest transitions of rubrene, is well reproduced. It should be noted that 
all simulated MOKE spectra show a similar offset with respect to the experimental 
spectra in the range from 1.75 eV to 3 eV, which may be caused by a difference 
between the Voigt constant of a freshly prepared smooth Ni film which was not 
exposed to atmosphere taken from the literature [Herrmann] and that of the Ni film in 
our heterostructure and/or depolarization effects related to the roughness of the 
samples. If the optical constants of OR, which was photo-oxidized for 580 minutes 
[Kytka], are used in the simulation, the calculated MOKE spectrum (figure 4.9(a), 
dotted line) deviates significantly from the experimental spectrum between 3.5 eV 
and 5 eV. The effective thicknesses of Ni and rubrene considered in the simulation 
are (14.5 ± 0.5) nm and (55 ± 1) nm, respectively, very close to the nominal 
thicknesses (14 nm and 50 nm, respectively) determined experimentally from the Ni 
flux of the electron beam evaporator and from the frequency shift of a quartz 
microbalance, respectively. It must be noted that MOKE simulations considering 
organic layers having optical constants different from those of the pristine rubrene do 
not improve the match between the calculated spectrum and the spectrum of the 
heterostructure prepared with the pristine layer. 
In order to experimentally confirm the influence of the optical constants of the organic 
layer on the shape of the MOKE spectra, a 50 nm rubrene layer was exposed to air 
for 60 min to obtain the POR, before the deposition of a 14 nm Ni layer onto it. 
According to references [Kloc, Kytka, Käfer05a] this should be sufficient to at least 
partly oxidize the rubrene layer. The MOKE spectrum of this sample (figure 4.9(a), 
line plus triangles) shows two significant changes compared to that of the Ni(14 
nm)/pristine rubrene(50 nm) sample: the double feature at 2.3 eV and 2.5 eV 
disappears and the second main feature shifts from 4.5 eV to 4.2 eV while its 
amplitude decreases. When simulating the MOKE spectrum of this sample, a 
structure consisting of a (13.5 ± 0.5) nm Ni layer on a (57 ± 1) nm organic layer 
having the optical constants of rubrene photo-oxidized for 200 minutes [Kytka], was 
found to fit the experimental spectrum best. The excellent agreement between the 
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simulated and the experimental spectra indicates that the exposure of a 50 nm 
rubrene layer for 60 min to air resulted in the partial oxidation of the rubrene layer. 
Recalling that the measurement of one MOKE spectrum took about 400 min in 
atmosphere, the very good match between the simulated and experimental spectra in 
both cases presented above provides a strong hint that the Ni layer acts as a capping 
layer. In addition, the good match between the Ni thickness used in the simulations 
and the experimental nominal thickness shows that the Ni film itself does not undergo 
a strong oxidation. 
In order to check the capping efficiency of the Ni top layer, MOKE spectra were 
recorded after several time intervals of exposure to air (figure 4.9(b)) for a sample of 
Ni(14.5 nm)/pristine rubrene(48 nm). The shape of the MOKE spectrum changes 
slightly with exposure time. The same trends as in the case of Ni/POR, i.e. a red shift, 
an increase in intensity of the feature at ~ 3.4 eV and a decrease in intensity of the 
feature at ~ 4.5 eV, however less pronounced, are observed. These slight spectral 
changes indicate that the organic underlayer oxidizes in air, but very slowly on a time 
scale of months. 
MOKE simulations showed that while the red shift of the feature at ~ 4.5 eV can be 
reproduced using the same thickness of rubrene oxidized for 870 min at 40 mbar air 
pressure [Kytka] as that of the pristine rubrene (48 nm), the red shift of the feature at 
~3.4 eV with the time of ageing can only be explained if the oxidation of the rubrene 
underlayer is considered to be accompanied by an increase in thickness of the 
rubrene film (figure 4.9(c), line plus circles). The increase in thickness upon oxidation 
was reported before [Kytka]. On the other hand, the magnitude of amplitude increase 
of the feature at ~ 3.4 eV can be reproduced in simulations neither by changing the 
optical constants nor by changing the thickness of the rubrene layer, but the behavior 
can be simulated by considering the formation of a thin NiO layer ((0.3 ± 0.1) nm) on 
top of the Ni layer (figure 4.9(c), line plus squares). This demonstrates the sensitivity 
of the MOKE spectroscopy to parameter changes in both the metal and the organic 
underlayer. 
In the MOKE spectrum (figure 4.10(a)) of the Ni(14 nm)/rubrene(15 nm) bilayer the 
main spectral features have a negative sign in contrast to the case of 
Ni(14 nm)/rubrene (50 nm) and a spectral shape similar to single Ni layer [Herrmann]. 
It should be noted that the samples investigated in this work that have a low 
thickness of the rubrene underlayer (from 12 nm to 15 nm), exhibit only slight 
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differences in their MOKE spectra recorded soon after exposure to atmosphere, and 
their morphology probed by AFM displays no noticeable differences. They show, 
however, a large spread in the oxidation speed of rubrene underlayer, depending, 
e.g. on the base pressure or waiting time between the deposition of rubrene and Ni. 
For the following discussion we have chosen the sample with the fastest oxidation 
speed of rubrene. 
The double feature around 2.3 eV and 2.5 eV related to the optical absorption in 
rubrene is not observed. The evolution of the MOKE spectrum of the 
Ni(14 nm)/rubrene(15 nm) bilayer with the time of exposure to air is also presented in 
figure 4.10 (a). The main spectral change is the decrease of the feature at ~4 eV. 
 
 (a) 
 (b) 
Figure 4.10. (a) MOKE spectra of a Ni(14 nm)/rubrene(15 nm) bilayer recorded spectra upon ageing in 
air. (b) Simulated MOKE spectra of a Ni(4 nm)./rubrene(16 nm) bilayer performed using the optical 
constants of a rubrene layer which was photo-oxidized for the time intervals shown in the legend. 
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The application of the layered model in the simulations reproduces qualitatively the 
trends in the experimental MOKE spectra. For the best fit to the experimental MOKE 
spectrum, however, an effective thickness of Ni of only 4 nm, much smaller than the 
nominal thickness of 14 nm, had to be used in the simulation (figure 4.10(b)), an 
indication that a more sophisticated optical model is needed to describe accurately 
the properties of the Ni layer. Using the optical constants of a mixed Ni/rubrene layer 
modeled by the effective medium approximation, a model expected to work for 
islands in the nanometer range did not improve the simulation results. Further 
simulation work is needed to clarify this issue. 
Even though the layered optical model has to be considered with care, it will be 
applied in the following to estimate qualitatively the effect of the rubrene oxidation on 
the MOKE spectra, using the optical constants reported by M. Kytka et al. [ Kytka] for 
a rubrene layer which was photo-oxidized by exposure to air under Xe lamp 
illumination for 100, 300, and 580 minutes. Comparison of the simulation results to 
the experimental spectra clearly shows the spectral changes around 4 eV over time 
can be ascribed to the alteration of the optical constants of the rubrene underlayer 
due to its oxidation. Please note that during each MOKE measurement, the sample 
also was illuminated by a Xe lamp for about 400 minutes. When comparing the time 
scale in figures 4.10(a) and 4.10(b) it becomes evident that although the Ni toplayer 
does not prevent the oxidation of the rubrene underlayer, it certainly slows it down 
significantly. For example, the MOKE spectrum calculated with the optical constants 
of rubrene exposed to 40 mbar air and illuminated with a 75 W Xe lamp for 300 
minutes is comparable to the experimental MOKE spectrum of the bilayer aged for 
113 days and exposed five times to a 75 W Xe lamp for ~ 400 min each time. Thus, 
even when the bilayer consists of distinct large islands, the Ni toplayer still shows a 
capping effect. 
According to reference [Kytka], oxidation and photo-oxidation affect in the same 
manner the optical constants of rubrene (decrease in amplitude of the bands around 
2.5 eV and 4 eV and increase in intensity of the band around 4.75 eV), only the 
change is significantly faster upon the photo-oxidation. While in the case of Ni(14 
nm)/rubrene(50 nm) the optical constants [Kytka] of rubrene oxidized for 870 min at 
40 mbar air pressure (without illumination) reproduced well the experiment, optical 
constants of rubrene exposed to photo-oxidation had to be take into account to 
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reproduce the MOKE spectra of the Ni(14 nm)/rubrene(15 nm), the fast oxidation 
sample. 
 
4.3 Magnetic properties of Ni(14 nm)/rubrene (15 nm) 
4.3.1 Presence of two magnetic phases revealed by MOKE 
Magneto-optical Kerr effect is widely used in research and applications to measure 
the magnetic properties of materials since, in the first approximation, the MOKE 
signal is proportional to the magnetization of the studied material (see e.g. 
[Lacheisserie].) However, one has to keep in mind that the MOKE signal at a given 
energy of the incident light depends also on the joint magneto-optical density of 
states. This may, in some cases, lead to different hysteresis shape compared to that 
measured by e.g. volume magnetometry methods such as SQUID or VSM.  
In the following subchapter the properties of the Ni(14 nm)/rubrene(15 nm) bilayer, of 
which rubrene was deposited with very low rate, 0.1 nm/min, will be investigated. 
This bilayer consists of large islands with large spaces between them, as shown in 
subchapter 4.2, figure 4.1(b). The area between the islands is composed mostly of 
nickel while the islands are composed of Ni capping layer and rubrene underlayer, 
with some of the Ni probably diffusing inside the organic underlayer, a situation often 
met when metals are deposited on organic layers (see, e.g. [Vinzelberg, Zhan]). 
The magnetic properties of this bilayer were measured by polar MOKE and SQUID 
magnetometry.  
At RT and in the polar geometry, i.e. with the magnetic field perpendicular to the 
sample surface, the hysteresis loops measured by SQUID show a combination of 
ferromagnetic and superparamagnetic behaviour (figure 4.11(a)). The hysteresis of 
Kerr rotation measured at 4.72 eV, also carried out at RT and in polar geometry, 
shows an oscillation with magnetic field below 0.15 T (figure 4.11(b)), while the 
hysteresis of Kerr ellipticity at 4.72 eV does not show any oscillation (figure 4.11(c)).  
Due to the lateral inhomogeneous structure, one possible explanation is that the Ni 
grown on and between rubrene islands has different magnetic properties.  
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 (a)  
(b) 
 (c) 
Figure 4.11. (a) Hysteresis loop measured by SQUID in polar geometry at room temperature.  
Hysteresis of Kerr rotation (b) and Kerr ellipticity (c) measured in polar geometry at room 
temperature at E = 4.72 eV.  
 
 
In order to explain the anomalous Kerr rotation hysteresis at 4.72 eV in figure 4.11 
(b), we make following assumptions: 
1. two magnetic phases, A and B, are present in the bilayer; 
2. the phase A saturates when the applied field is larger than 0.07 T, i.e. at the 
inflection point in the hysteresis loop in figure 4.11 (b), while the phase B 
saturates at higher applied magnetic field, 0.3 T; 
3. the hysteresis loop of phase B changes linearly with applied field when it is 
less than 0.23T. 
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Under these assumptions, we performed the following steps in order to separate the 
hysteresis loops of phase B and A: 
(1) the slope of phase B, from -0.10871 T to 0.10871 T, is calculated as the 
average of the experimental data in the hysteresis loop from 0.10871 T to 
0.22847 T and -0.22847 T to -0.10871 T; 
(2) the shift in Kerr rotation between the two curves of the phase B hysteresis 
loop (i.e. for increasing and for decreasing applied magnetic field), from 
-0.10871 T to 0.10871 T, is the average difference of the experimental data at 
±0.10871 T; 
(3) to have the hysteresis of phase B at applied magnetic field higher than 
±0.10871 T, the experimental data points were shifted vertically along the Kerr 
rotation axis in order to continuously connected to the curves calculated in the 
steps (1) and (2) from -0.10871 T to 0.10871 T; 
(4) the hysteresis loop of phase A is calculated as the difference between the 
experimental data points and that of phase B, which was calculated in the steps 
(1) -(3).  
The resulted hysteresis loops of phase A and B are illustrated by the green and 
magenta lines in figure 4.11(b). Phase A shows a ferromagnetic behaviour with Hc = 
6.26 mT, while phase B shows a weak ferromagnetism (Hc = 4.00 mT) superimposed 
on a superparamagnetic behaviour.  
MOKE spectroscopy was employed to confirm the existence of the two magnetic 
phases and to elucidate their structural origin. 
To this purpose, MOKE spectra were measured at various applied field strengths. 
The features observed in the Kerr rotation spectra (figure 4.12(a)) undergo a red shift 
and the spectral shape changes slightly with increasing magnetic field. The relative 
height between features around 3.6 eV and 4.3 eV and the slope of spectrum curve 
for photon energy above 4.5 eV, changes with the magnetic field.  
The Kerr ellipticity spectral features also exhibit a red shift and a relative height 
change of the two features around 3.8 eV and 4.7 eV (figure 4.12(b)).  
The insets in the figure 4.12 show a zoom in the region where the Kerr rotation (a) 
and the Kerr ellipticity (b) cross the zero line, i.e. change the sign. 
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Figure 4.12. MOKE spectra of Ni(14 nm)/rubrene(15 nm) bilayer at different applied magnetic field 
strength. (a) Spectra of the Kerr rotation. The inset picture shows the spectra near the zero-crossing 
point. (b) Spectra of Kerr ellipticity, the imaginary part of the MOKE signal. The inset shows the 
enlarged picture of the spectra from 2.4 eV to 3.75 eV. 
 
 
 
Since the MOKE hysteresis loop has a very narrow opening (figure 4.11 (b) and (c)), 
the MOKE signal we measured at any magnetic field should be inside the loop. 
Please recall that the MOKE spectra are calculated as average difference of the 
spectra recorded for the two polarities of the magnetic field.  
In the later discussion, we will use θ(H) to represent the measured MOKE spectrum 
as a function of magnetic field H. We assume that the shape of the complex MOKE 
spectra of the phases A and B, denoted by θA(H) and θB(H), respectively, does not 
change with increasing applied magnetic field strength, only their intensity varies 
linearly below the saturation region.  
Let us consider the MOKE spectra recorded at 0.12063 T and 0.20913 T. These two 
magnetic field values are larger than 0.07 T, the extreme point in the oscillatory 
hysteresis corresponding to the magnetic field where the signal of phase A, θA(HS), 
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gets saturated, and from the signal of phase B, θB(H), is still increasing linearly (see 
figure 4.11 (b)). 
θ(H)= θA(HS) +θB(H)   (4.1)      
For the MOKE spectrum of phase B holds, in a good approximation:  
θB(H)= k⋅H    (4.2)  
where k is a constant and H is the applied field. 
The measured Kerr rotation spectra θ(0.12603T) and θ(0.20913T) can be written as:  
θ(0.12603T)= θA(HS) +0.12063 T k     (4.3)   and 
θ(0.20913T)= θA(HS) +0.20913 T k     (4.4) 
From the equations (4.3) and (4.4), the two unknown quantities, θA(HS) and k, can be 
calculated easily. Once the θA(HS) and k have been obtained, the MOKE spectrum of 
phase B can also be calculated according to (4.2). The obtained real and imaginary 
parts of the complex Kerr rotation spectra of the phase A and B are shown in figure 
4.13 (a) and (b), exemplary, for a magnetic field of 0.6627 T. For comparison, the 
MOKE spectra measured at the same field and in remanence are also shown.  
 
 
Figure 4.13. Complex MOKE rotation spectra of a Ni(14 nm)/rubrene(15 nm) bilayer recorded at 
0.6627 T (line plus squares) compared to the spectrum recorded in remanence (line plus circles) and 
to the calculated spectra of phase A (red line) and phase B (blue line). Figure (a) displays the real part 
and figure (b) shows the imaginary part of the complex Kerr rotation. 
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In order to test the reliability of the procedure described above, we calculated the 
MOKE spectra as a weighted sum of the phase A and phase B spectra for several 
magnetic field strengths and compared them to the experimental ones. These are 
represented by symbols and lines, respectively in figure 4.14  
 
(a) 
 
(b) 
(c) 
 
(d) 
(e) 
 
(f) 
Figure 4.14. Complex Kerr rotation spectra for the magnetic field strength of 0.13603 T (a), 0.00666 T 
(b), 0.01999 T (c), 0.16291 T (d), 0.20913 T (e), and 0.66267 T (f). The dots are the experimental data 
and the solid lines are the simulated spectra. The X-axis gives the photon energy in eV and the Y-axis 
represents the Kerr signal in mrad. Blue and red represent the real and imaginary part, respectively.  
All calculated spectra fit excellent the experimental spectra, a strong evidence for the 
correctness of the used model. 
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The amplitudes of the simulated MOKE spectra of phase A, B, and of the sum 
spectrum at 4.72 eV photon energy are plotted in figure 4.11 (b) by circles for various 
magnetic field strengths. As expected, the circles are located very close to the 
hysteresis loop and follow the experimental hysteresis loop shape very well at small 
magnetic fields. The comparatively larger deviation between the simulated data and 
the experimental hysteresis loop (figure 4.11(b)) at higher magnetic fields could be 
due to the very steep slope in the Kerr rotation spectrum around 4.72 eV (figure 
4.12(a)), which increases the influence of slight uncertainties in moving the 
monochromator during the measurement of the MOKE spectra. 
At 4.72 eV, which is near the zero-crossing point in the Kerr rotation spectra (figure 
4.13 (a)), the Kerr rotation value of phase A is negative while that of phase B is 
positive. At low magnetic fields the contribution from phase A is dominant, so the 
total MOKE signal goes to negative value. Above 0.07 T, the MOKE signal from 
phase A gets saturated while the contribution of phase B continues to increase. As a 
consequence, a change in slope occurs in the hysteresis at recorded at 4.72 eV, 
giving its characteristic “anomalous” behaviour (figure 4.11(b)).  
The evolution of the Kerr ellipticity at 4.72 eV with applied magnetic field does not 
show any oscillation. This “discrepancy” in respect to the Kerr rotation can be easily 
explained considering that the imaginary part of the Kerr spectra of both phases, A 
and B, have a negative sign for magnetic field having positive polarity (figure 4.13(b) 
and figure 4.12(b)).  
With the knowledge of the complex Kerr rotation of phases A and B, we can predict 
the behaviour of the MOKE hysteresis at various photon energies. For verification, 
the measured loops at several photon energies are shown in figure 4.15. 
For example, at 3.4 eV the phases A and B have opposite sign in Kerr ellipticity 
signal (figure 4.13(b)) and the same sign in Kerr rotation (figure 4.13(a)). This should 
lead to an oscillation in the Kerr ellipticity evolution with applied magnetic field and a 
normal behaviour in Kerr rotation loop, as confirmed by experiment (figure 4.15(c) 
and (d)). 
At 1.96 eV, which is close to the energy of the HeNe laser often used as light source 
in MOKE magnetometry setups, the sign of the Kerr ellipticity signal does not change 
except around zero magnetic field (figure 4.15(b)). The phase A has here a small 
amplitude (figure 4.13(b)) and hence the dominant contribution to the Kerr ellipticity 
comes from phase B. However, the opposite values in the imaginary part of MOKE 
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signal from phase A and phase B lead to a slope change in the hysteresis loop 
(figure 4.15(b)). The turn point of the slope change is also around 0.07 T, the same 
magnetic field at which is the extreme point in the oscillatory hysteresis of Kerr 
rotation signal at 4.7 eV (figure 4.11(b)). 
At 4.3 eV neither the Kerr rotation nor the Kerr ellipticity shows oscillation behaviour 
in the hysteresis (figure 4.15 (e) and (f)) due to the same sign in the MOKE signals of 
phase A and B (figure 4.13). 
An interesting behaviour in the hysteresis of Kerr rotation appears at 4.62 eV (figure 
4.15(g)). Although at 4.62 eV the hysteresis of Kerr ellipticity is normal (figure 
4.15(h)), that of Kerr rotation shows a decrease in MOKE signal after 0.07 T (figure 
4.15(g)).  
To summarize, figure 4.15 clearly shows that the shape of the hysteresis loop 
measured by MOKE depends on the photon energy. Although there are many 
differences in hysteresis loops, the changes occur in all cases at nearly the same 
magnetic field, approximately 0.07 T (see figure 4.15), further confirmed the 
existence of two magnetic phases. This finding demonstrates the capabilities of the 
MOKE magnetometry in combination with MOKE spectroscopy and their advantages 
over volume magnetometry methods such as SQUID or VSM.  
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Figure 4.15 Hysteresis of 1.91 eV, 3.4 eV, 4.3 eV and 4.62 eV measured by polar MOKE at room 
temperature. The left is the real part and the right the imaginary part of the MOKE signals. 
 
 
4.3.2 Origin of the two magnetic phases 
In order to extract more information about the origin of the phases A and B, the 
spectral features of the two phases are discussed in detail in the following. 
The MOKE spectra of phase A is very similar to that of the spectrum recorded in 
remanence (figure 4.13). This suggests that phase A has a bulk-like ferromagnetic 
magnetic behaviour, which might be an indication that phase A corresponds to the Ni 
deposited between the rubrene islands in the bilayer sample. It should be noted, 
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however, that the spectral shape does not follow entirely that of a single Ni layer of 
the same thickness (figure 2.7 (c)).  
To recall, according to the results shown in figure 4.11 (b), the phase A reaches 
saturation earlier than the phase B and the hysteresis loop slope is steeper, i.e. 
phase A is magnetically “harder” than phase B. This is consistent with the 
assumption that phase A stems from the Ni domains located between the islands, 
that can couple better than the Ni particles on top and inside the rubrene islands. 
The differences between the MOKE spectrum of phase A and that of a single Ni layer 
of the same thickness (figure 2.7 (c)) could be explained by the fact the Ni grains in 
the bilayer have smaller size compared to that in the single layer. This may be 
responsible for a stronger oxidation in the case of the double layer. Please note that 
the calculated spectrum of phase A shown above correspond to a measurement 
taken after 3 days of air exposure. The change of the remanence spectrum with time 
of exposure to the ambient atmosphere is shown in figure 4.16. Using the Voigt 
constant of Ni and the optical constants of Ni and NiO it was not possible to 
reproduce the form of the remanence spectra by simulation. Possibly, the Voigt 
constant of NiO plays an important role, especially in the energy range around 4.5 
eV. Further investigations will be performed in the future to determine the NiO Voigt 
constant. 
 
 
 
Figure 4.16. The evolution of the Kerr rotation spectrum recorded in remanence, as a function of 
exposure time to the ambient condition, for a Ni(14 nm)/rubrene(15 nm) bilayer. 
 
 
It should be noted that the ageing of the different bilayers having the same nominal 
structure happens with different speed. Most of the samples show immediate 
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appearance of phase A, while a small number of samples require a few days to 
develop the phase A. The influence factors underlying the difference need further 
study. 
As often happened when metal deposited on organic films [Hwang], the Ni could 
diffused inside the rubrene islands and forms small particles. For such kind of small 
particles, the lack of saturation even at large magnetic fields could happen due to 
spin frustration at surface [Papaefthymiou]. From the hysteresis loop of phase B 
(figure 4.11 (b)), its saturation appears at higher applied fields compared to phase A. 
A possible reason is that not only the Ni on the rubrene islands but also the Ni 
diffused into the organic material contribute to phase B. 
In order to support our assumption, we deposited a Ni(14 nm)/rubrene(13 nm) bilayer 
on NaCl substrate (see chapter 4.1.1). 
The TEM measurements of this sample are shown in figure 4.5. In the bright field 
image (figure 4.5 (a)), similar to the Ni(14 nm)/rubrene(15 nm) bilayer deposited on 
SiO2 substrate, the large islands with diameter about 300 nm were observed. In the 
dark field image (figure 4.5 (b)), the bright parts are the direct image of Ni crystallites. 
From the dark field image, it is obvious that the Ni particles on islands are smaller 
than that between the islands. This supports our assertion that the Ni between the 
islands, which is related to phase A, are larger than those on the islands, related to 
phase B.  
To experimentally correlate the phase B with the islands, we prepared a  
Ni(14 nm)/rubrene(15 nm) bilayer in which rubrene was deposited at 10 nm/min. The 
consequent bilayer has closely packed islands in morphology (figure 4.17(a)). For 
this sample, the contribution to the MOKE spectra is mailnly from the Ni on the 
islands. Although the islands in this sample are smaller than the islands in the Ni(14 
nm)/rubrene(15 nm) bilayer in which rubrene was deposited at 0.1 nm/min, their 
compositions are the same. The MOKE spectrum of the high rubrene deposition 
sample is very close to that of phase B (figure 4.17(b)), further confirming that the 
phase B originates from the islands area. 
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                               (a) 
                      (b) 
Figure 4.17. (a) AFM image of Ni(14 nm)/rubrene(15 nm) bilayer in which rubrene was deposited with 
the rate of 10 nm/min. (b) The MOKE spectra at 0.35 T of the two Ni(14 nm)/rubrene(15 nm) bilayers 
in which rubrene were deposited with 10 nm/min and 0.1 nm/min. The MOKE spectra of phases A 
and B are also plotted in (b) for comparison. 
 
4.3.3 Influence from the size of the substructures  
The diameters of two sub-structures of the phases A and B in the 
Ni(14 nm)/rubrene(15 nm) bilayer are about 200 nm (figure 4.1(b)). How small the 
size of the sub-structure can be in order to give a separable contribution in the MOKE 
spectra is hard to predict. To check this experimentally another Ni(14 
nm)/rubrene(15 nm) bilayer in which rubrene is grown with very high deposition rate 
(10 nm/min) is fabricated. The morphology of such bilayer is thus much smoother that 
of the sample presented in figure 4.1(b), as showed in its AFM image (figure 4.17). 
The islands are much smaller, about 100 nm in diameter, and are much closer to 
each other, forming a more continuous film. In this Ni(14 nm)/rubrene(15 nm) bilayer 
we did not observed the two magnetic phases by MOKE spectroscopy measurement. 
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There are two possible reasons. One is the substructures have too small sizes to 
keep their special properties that are different from each other. Another reason is the 
more continuous rubrene underlayer leads to more efficient magnetic coupling 
between Ni domains in the sample. 
 
 
4.3.4 Inorganic samples with two magnetic phases 
The difference in hysteresis behaviour measured by MOKE and SQUID was 
observed prior to our Ni/rubrene bilayer, in inorganic composite nanostructures such 
as BiFeO3/CFe2O4 [Postava]. 
We also observed this behaviour in a purely inorganic sample consisting of a single 
Ni(14 nm) layer deposited on a structured SiO2/Si substrate. The structured SiO2 
substrate, obtained by lithography technology, has a pattern area consisting of 
periodic grooves of 60 nm in width and 30 nm in height. The terrace between two 
neighbouring grooves is also 60 nm in width. Details of the structured substrate 
profile are given in the chapter 4.1.2. The Ni deposited on such structured substrate 
follows the morphology of the periodic grooves as demonstrated by AFM 
measurements (figure 4.18(a)).  
The MOKE rotation spectra of this sample (figure 4.18(b)) show a spectral shape 
change with the applied magnetic field strength, similar to that observed ion the 
Ni/rubrene bilayer, indicating also for this sample the presence of two magnetic 
phases. The hysteresis loop measured in the Kerr rotation at 4.58 eV, i.e. near the 
zero-crossing point in energy position, shows a slight oscillation (see inset picture in 
figure 4.18(b)), confirming the existence of the two magnetic phases.  
Based on the experimental observations of the sections 4.3.3 and 4.3.4, we can 
conclude that, in general, if a laterally inhomogeneous magnetic film has two or 
several types of sub-structures, polar MOKE spectroscopy is a powerful tool to prove 
the existence of the different magnetic phases under the following considerations: 
(1) each type of the sub-structure has its unique magnetic properties due to its 
special composition, shape anisotropy, size effect, surface effect, surface strain, 
oxidation or/and chemical bonding etc.  
(2) the light can experience multiple reflections at the interfaces and multiple 
transmissions through the dielectric layer in the structure. Thus the difference in 
thickness, composition or morphology could lead to different MOKE spectra 
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shapes for each sub-structure. The measured MOKE spectrum is a superposed 
one of all the sub-structures and 
(3) by the choosing of appropriate energy position, the different influence from 
the different magnetic phases on the MOKE signal can be revealed in the 
hysteresis loop. 
 
(a) 
(b) 
Figure 4.18. (a) The AFM image of Ni(14 nm) deposited on structured SiO2 substrate. (b) The real 
part of the MOKE spectra of this Ni(14 nm) sample. The inset picture in (b) is the Kerr rotation 
hysteresis loop measured at 4.58 eV. 
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4.4 Influence of the organic layer on the growth of a ferromagnetic toplayer: 
morphology, magnetic, and magneto-optical properties 
Previous studies showed that the structure and morphology of rubrene films grown 
by OMBD in UHV strongly depends on the film thickness [Kowarik]. In this sub-
chapter the influence of the deposition rate and of the film thickness on the rubrene 
film morphology and subsequently on the morphology and magnetic properties of a 
Ni top layer will be investigated. 
According to the results presented in sub-chapter 4.2., the Ni layer exhibits a capping 
effect, slowing down the oxidation of the rubrene underlayer in comparison to pristine 
rubrene films [Kytka]. Despite the fact that the pristine rubrene films can change their 
morphology with the ripening time [Ribič], the morphology of the Ni/rubrene bilayers 
was found to remain unchanged for several months. 
 
4.4.1 Influence of the rubrene deposition rate and thickness on the bilayer 
morphology  
Figure 4.19 shows the AFM images obtained for 14 nm Ni layers grown on rubrene 
layers with different thicknesses. The deposition rate of the rubrene was 0.11±0.02 
nm/min for the samples corresponding to the images (b), (c), and (d), and 10±1 
nm/min for the sample corresponding to (e). For comparison, in figure 4.19(a) the 
AFM image of a 14 nm Ni film deposited onto Si/SiO2 substrate is shown. As studied 
previously, the heterostructure formed by depositing 14 nm Ni onto a 15 nm rubrene 
layer is characterized by large distinct islands, hundreds of nanometers in lateral 
dimension, with large voids between them (figure 4.19(b)). The bilayer Ni(14 
nm)/rubrene(50 nm) (figure 4.19(c)) covers almost homogeneously the substrate with 
only few voids. The increase of the underlayer rubrene thickness to 137 nm leads to 
even flatter morphology of the heterostructure (figure 4.19 (d)).  
Not only the rubrene thickness but also the deposition rate used for the growth of the 
rubrene layer influences in a crucial manner the subsequent Ni growth. Figure 
4.19(e) shows that the heterostructure in which the rubrene layer was prepared using 
a high deposition rate (10±1 nm/min) exhibits a surface morphology characterized by 
densely packed islands, smaller compared to the heterostructure having the same 
rubrene layer thickness but prepared with a low deposition rate (0.11±0.02 nm/min) 
(figure 4.19 (b)).  
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(a) 
 
(b)  
 
(c)  
 
(d)    
 
(e)  
 
Figure 4.19. AFM images of: (a) a single layer of Ni(14 nm), (b) Ni(14 nm)/rubrene (15 nm), (c) Ni(14 
nm)/rubrene (50 nm), (d) Ni(14 nm)/rubrene (137 nm), (e) Ni(14 nm)/rubrene (14 nm). The deposition 
rate of Ni in all samples is 1.30±0.15 nm/min. Deposition rate of rubrene is 0.11±0.02 nm/min in 
(b)(c)(d) and 10±1nm/min in (e). 
 
 
As a general trend, the bilayer roughness (defined as the root mean squared (rms) 
value of height irregularities from the AFM images) decreases with increasing the 
rubrene film thickness or the rubrene deposition rate (figure 4.20). 
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Figure 4.20. Evolution of the roughness, as determined from AFM images, for Ni(14 nm)/rubrene 
bilayers with the thickness of the organic underlayer. The samples were obtained using a deposition 
rate of (10±1) nm/min (red circle) and (0.12±0.02)nm/min (blue squares) for the rubrene growth. 
 
 
As learned in sub-chapter 4.1, the morphology of the Ni deposited on top of the 
rubrene layer follows the organic underlayer morphology. Our results are at a first 
glance in contradiction with the findings of Kowarik et al. [Kowarik], who reported the 
growth very flat rubrene films at thicknesses below 30 nm and an increase in 
roughness for higher thicknesses. However, it must be noted that the deposition rate 
used here (0.11±0.02 nm/min) is about one order of magnitude lower that that used 
in [Kowarik]. When comparing figure 4.19(e) with figure 4.19(b), it becomes apparent 
that the usage of high deposition rates leads to smoother films. 
 
4.4.2 Influence of the rubrene thickness on the magneto-optical properties of 
the bilayer 
The MOKE spectra of Ni/rubrene bilayers change significantly with the increase of 
rubrene thickness (figure 4.21 (a)). Despite the fact that the heterostructure 
morphology is different from that of flat multilayers with prefect interfaces, we can use 
extension of the layer-model presented previously in chapter 2.3 to simulate the 
MOKE spectra in a good approximation, since the roughness lies below the 
wavelength of the light. 
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(a) 
(b) 
 
Figure 4.21. Experimental (a) and simulated (b) MOKE spectra of Ni(14nm) and Ni(14nm)/rubrene 
bilayers: Ni(14nm)/rubrene (x nm), x=15nm, 50nm, and 137nm.  
 
 
For a single Ni layer with a thickness of 14±1 nm as determined by XRR and variable 
angle spectroscopic ellipsometry (VASE) measurements, the calculated spectrum 
reproduces well the experimental spectrum (figure 4.21 (b)) if the effective thickness 
of Ni is assumed to be 13.5 nm. For smaller or larger thickness values of e.g. 12 nm 
and 15 nm, the simulated spectra have visible deviations from the experimental 
curve. The good correspondence between the effective thickness used in the 
simulation and the nominal thickness targeted in experiment is an indication that only 
a very small fraction of the flat Ni layer (figure 4.19 (a)) is oxidized upon exposure to 
atmosphere. 
In the MOKE spectrum of a Ni(14 nm)/rubrene(15 nm) bilayer the Ni features at ~ 3.5 
eV and ~ 4.3 eV increase in amplitude (figure 4.21 (a)). With further increase of the 
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rubrene layer thickness to 50 nm, the two features change the sign, their amplitude is 
amplified by a factor of 2, and they undergo energetic shifts. For a rubrene thickness 
of 137 nm the two features decrease again in intensity and other features occur at 
~2.3 eV, 2.5 and 2.9 eV. The feature at 2.9 eV is related to interference effects, while 
the double feature at 2.3 eV and 2.5 eV stems from the absorption of the lowest 
energetic transition in rubrene. These spectral changes occurring with the rubrene 
thickness are characteristic for the interference of the light beams transmitted though 
the Ni layer and the rubrene layer and then multiply reflected at the Ni/rubrene and 
rubrene/Si interfaces as demonstrated by the fact that the MOKE spectra calculated 
using the four layer system reproduce well the experimental spectra (figure 4.21 (b)). 
The main difference between the simulated and experimental MOKE spectra resides 
in an offset in the range of 1.5 eV – 3 eV, which may be caused by a difference 
between the Voigt constant of Ni taken from the literature and that of the Ni film in our 
heterostructure and/or depolarization effects related to the roughness of the samples. 
It is important to note that in these simulations the optical constants of pristine 
rubrene were considered. Simulations using the optical constants of oxidized rubrene 
cannot reproduce the experimental spectra. This is justified by the results presented 
in chapter 4.2, which show an efficient capping effect of the Ni top layer against the 
oxidation of the rubrene underlayer. 
 
 
4.4.3 Influence of the rubrene thickness on the magnetic properties of the 
bilayer 
The hysteresis loop shape of Ni/rubrene bilayers also changes with increasing 
rubrene thickness (see figure 4.22 (a))  
As shown in sub-chapter 4.1, when the rubrene underlay has a nominal thickness of 
15 nm, the Ni(14 nm)/rubrene(15 nm) bilayer forms distinct large islands in 
morphology (figure 4.1 (b)). In this sample there are two magnetic phases, 
denominated as phases A and B. The phase A is ferromagnetic while phase B shows 
a combination of ferromagnetic and superparamagnetic behaviour in hysteresis 
(figure 4.11 (b)). When measured at 3.5 eV, the hysteresis loop (figure 4.22 (a)) has 
a superparamagnetic behaviour, characterized by the S shape, due to the 
contribution from phase B. 
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(a)  
(b)  
(c)  
Figure 4.22. Hysteresis curves of Ni(14nm)/rubrene bilayers measured by polar MOKE at 3.5 eV. The 
values of the Kerr rotation angle θKerr are normalized with respect to the saturation value θS. (a) 
Ni(14nm) was deposited onto rubrene layers, denoted as R, of different thicknesses grown at a 
deposition ate of (0.11±0.02)nm/min; (b) Comparison of two Ni(14 nm)/rubrene (15 nm) bilayers in 
which the rubrene underlayer were grown at different deposition rates: (0.11±0.02)nm/min and 
(10±1)nm/min. (c) Comparison of two Ni(14 nm)/rubrene (75 nm) in which the rubrene underlayer was 
grown at different deposition rates: (1.4±0.2)nm/min and (9.2±0.6)nm/min.  
 
 
To confirm directly the superparamagnetic behaviour, the Ni(14 nm)/rubrene(15 nm) 
bilayer is measured by SQUID. The magnetization vs temperature behaviour of this 
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bilayer cooled in zero magnetic field (ZFC) and in a magnetic field of 5 mT (FC) is 
shown in figure 4.23. The observed magnetization behaviour is typical for particles 
with an average size of just a few nanometers. The ZFC curve exhibits a maximum at 
a temperature defined as the blocking temperature (TB ~ 60 K) above which all 
nanoparticles are superparamagnetic. At smaller temperatures thermal irreversibility 
between the ZFC and FC curves appears, indicating a blocked behaviour. The 
superparamagnetic nanoparticles, having an average size of about 5 nm estimated 
according to [D’Orazio], are most probably formed at the interface between Ni and 
rubrene due to the indiffusion of hot Ni atoms during the first stages of the Ni film 
growth. The FC-ZFC curves have a similar behaviour for all other bilayers with TB 
values of e.g. 63 K Ni(14 nm)/rubrene(50 nm) and 67 K for Ni(14 
nm)/rubrene(137 nm). 
 
 
Figure 4.23. FC-ZFC magnetization dependence on the temperature of a Ni(14nm)/rubrene 
(15nm) sample. 
 
When the thickness of the rubrene underlayer increases, the slope of the hysteresis 
curve (figure 4.22 (a)) and the coercive filed (inset of the figure 4.22 (a)) gradually 
decrease. Since the Ni follow the morphology of the rubrene underlayer, the AFM of 
the three samples (figure 4.19 (b), (c) and (d)) show that the morphology of the 
rubrene underlayer becomes more continuous and smoother with the increase of its 
thickness. A decrease of the coercive field value with decreasing surface roughness 
is not unusual. Similar results were reported for Co films grown on Cu(001)/Si(001) 
substrates [Steinmuller]. 
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In Ni(14 nm)/rubrene(50 nm) bilayer the phase A is not present due to the 
disappearance of the substructure between islands. The magnetic contribution 
comes only from the more continuous Ni toplayer which partly diffused into the 
organic underlayer. Its hysteresis still shows a combination of ferromagnetic and 
superparamagnetic behaviour with the easy axis closer to in plane. 
In Ni(14 nm)/rubrene(137 nm) bilayer the rubrene underlayer is the most continuous 
and smoothest among the three samples. Here, the rubrene might be crystallized 
due to the rubrene molecule conformation change, which usually occurs at high 
thicknesses [Käfer05a, Käfer05b, Kowarik]. Ni grown on this organic layers show the 
most continuous morphology with a granular substructure (figure 4.19(d)) which may 
be due to small Ni crystallites. The continuous morphology can results in a good 
magnetic coupling between Ni particles with the easy axis closer to in plane 
orientation. Therefore the hysteresis of this bilayer shows a ferromagnetic behaviour 
with the easy axis closest to the in plane geometry. 
We can also control the morphology of the organic underlayer by change of the 
deposition rate. Ni grown on such organic template will has similar morphology and 
show consequently magnetic behaviour. 
As showed in figure 4.19(b) and (e), the higher rate the 15nm rubrene deposits, the 
smoother the rubrene morphology is. Smoother morphology usually leads to better 
magnetic coupling between Ni particles. As we showed previously in chapter 4.3, 
there is no magnetic phase A due to the densely packed smaller islands in the higher 
rubrene deposition bilayer. The hysteresis of the Ni(14 nm)/rubrene(15 nm) bilayer 
fabricated with higher deposition rate thus show a ferromagnetic behaviour (figure 
4.22 (b)) with the easy axis closer to in plane orientation due to the stronger magnetic 
coupling. 
Similar behaviour happens in the ferromagnetic Ni(14 nm)/rubrene(75 nm) bilayers 
(figure 4.22 (c)) in which the higher rubrene deposition rate leads to the easy axis 
more closer to in plane geometry due to the possible more smoother morphology. 
Thus the deposition rate can also be utilized to control the morphology of the 
Ni/rubrene heterostructure and consequently tune its magnetic properties. 
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4.5 Rubrene/Ni heterostructure  
The morphology of rubrene(15 nm)/Ni(14 nm) bilayer (figure 4.24 (a)), which is 
obtained by deposition of the organic molecules on the ferromagnetic metal, has a 
smoother surface compared to the Ni(14 nm)/rubrene(15 nm) bilayer (figure 4.1 (b)) 
and to the single rubrene(15 nm) layer grown on SiO2/Si(111)(figure 4.1 (d)). All 
these samples are fabricated in the same vacuum conditions and the same 
respective evaporation rates. 
 
(a) 
(b) 
Figure 4.24 The AFM image (a) and the MOKE hysteresis loop recorded at 3 eV (b) of the rubrene(15 
nm)/Ni(14 nm) bilayer. 
 
This result illustrates the role of the substrate in determining the growth mode of 
rubrene. On one hand, the Si(111) substrate covered by native SiO2 has a very low 
roughness (below 0.1 nm) and dielectric properties. On the other hand, the 14 nm Ni 
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thin film consists of polycrystalline and has a comparably rougher surface (figure 2.7 
(a)) (0.34 nm). Meanwhile the metallic surface is also expected to exert stronger 
forces on the rubrene molecule, thereby reducing its mobility on the surface.  
For the Ni deposition on rubrene, the vacuum-evaporated Ni atoms, carrying 
significant thermal energy and impinging on the soft and relatively open organic 
matrix, can diffuse relatively deep into the organic underlayer. On the contrary, the 
deposition of rubrene molecules on the ferromagnetic underlayer is expected to have 
an abrupt interface with negligible indiffusion. These different growth modes [Hwang] 
should results in difference in magnetic properties. 
As shown in figure 4.24 (b), the hysteresis loop of the rubrene(15 nm)/Ni(14 nm) 
bilayer is very similar to that of the single Ni(14 nm) layer (figure 2.7(b)), i.e. the 
coercive fields, the slope, and the saturation onset are very similar. This similarity in 
the hysteresis loops confirms that the rubrene/Ni interface is abrupt. So the Ni layer 
keeps its own properties. 
Since the rubrene toplayer is easy to be oxidized, the rubrene(15 nm)/Ni(14 nm) 
bilayer exposed in ambient atmosphere should show the corresponding change in its 
MOKE spectra. To confirm it experimentally, MOKE spectra of this bilayer were 
recorded after 4 days and 23 days exposure in atmosphere. As shown in figure 
4.25(a), the MOKE spectra change significantly between 3.8 eV and 4.4 eV, i.e. the 
feature around 4.1 eV in the 4 days spectrum becomes flat after 23 days later. 
In order to probe the origin of the ageing effect, MOKE spectra simulations were 
carried out. The simulation with the optical constants of partially photo-oxidized 
rubrene (17.3 nm) for 300 minutes in 40 mbar oxygen [Kytka], on top of Ni(12.5 nm) 
fits very well the experimental spectrum recorded after 4 days of exposure to air 
(figure 4.25 (b)). This means the exposure in ambient air for 4 days oxidized the 
rubrene toplayer partially. However, it is intriguing that the rubrene is not fully 
oxidized. There are two possibilities for this slow oxidation. One possible explanation 
is that the oxidation in air in dark (our sample) is significantly slower than the photo-
oxidation under Xe-lamp illumination ([Kytka] sample). Another reasonable 
explanation is that the smooth rubrene film grown with the low deposition rate has a 
high degree of crystallinity and hence a slower oxidation speed (according to 
[Käfer05a]) as compared to the film investigated in [Kytka]. 
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(a) 
(b) 
(c) 
Figure 4.25 (a) The experimental MOKE spectra of the rubrene(15 nm)/Ni(14 nm) bilayer measured at 
4 days and 23 days later after exposured in ambient air. (b) The 4 days MOKE spectra and its 
simulation. (b) The 23 days MOKE spectra and its simulation. 
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The use of optical constants of rubrene oxidized for 580 minutes in 40 mbar oxygen 
[Kytka] results in a good fitting of the experimental MOKE spectrum recorded after 23 
days (figure 4.25 (c)), indicating that the rubrene toplayer has been nearly fully 
oxidized after exposure to air for 23 days. The successful simulation unambiguously 
shows the origin of the ageing effect is due to the oxidation of the toplayer. 
 
4.6 Summary 
In heterostructures consisting of nickel deposited onto rubrene layers, both the 
thickness and the deposition rate of the rubrene underlayer were found to influence 
the Ni growth mode, offering a controllable way to tailor its magnetic properties. This 
finding should be of importance for the rapidly growing filed of organic spintronic 
devices. The magnitude, sign, and energy position of the spectral features are very 
sensitive to the thickness of the rubrene underlayer. This provides a controllable way 
to tailor the shape of the MOKE spectra of magnetic metal/organic heterostructures 
in the view of application in magneto-optical data storage. 
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5. Ni/C60, Ni/pentacene, and Ni/H2Pc bilayers 
 
This chapter focuses on the formation of Ni films on various layers consisting of small 
diamagnetic molecules, outlined in figure 2.1: fullerene (C60), pentacene, and 
phthalocyanine (H2Pc) in order to investigate the effect of the molecules geometry on 
the morphology and the magneto-optical properties of the bilayers. The geometry of 
this molecule varies from 3D (fullerene) to 2D with a D4h symmetry (H2Pc) or D2h 
symmetry (pentacene).  
 
5.1 MOKE study of Ni/C60 bilayers 
Ni/ C60 bilayers with different nominal thickness were prepared by depositing Ni at a 
constant deposition rate of Ni, 0.26±0.03 nm/min, on top of the C60 layers which were 
prepared at deposition rates lower than that reported in [Datta]. The experimental 
MOKE spectra of the Ni/C60 bilayers are shown in figure 5.1 (a). The line plus triangle 
is the MOKE spectra of Ni(14 nm)/C60(10 nm) bilayer in which the C60 underlayer is 
deposited with a rate of 0.11±0.03 nm/min. The line plus square represents the 
MOKE spectrum of Ni(14 nm)/C60(50 nm) bilayer in which the C60 underlayer is 
prepared with 0.19±0.07 nm/min deposition rate. The line plus dots represents the 
MOKE spectra of Ni(14 nm)/C60(80 nm) bilayer in which the C60 underlayer is 
obtained with 0.37±0.08 nm/min deposition rate.  
Similar to the case of Ni/rubrene bilayers (figure 4.20), the MOKE spectra of the Ni/ 
C60 bilayers also change with the increasing of the organic underlayer thickness. The 
trends are similar, indicating also here that the changes are caused by interference 
effects. This demonstrates again that the thickness of the organic underlayer can be 
tuned for tailoring the MOKE spectra of the ferromagnetic/organic heterostructure. 
In order to perform simulation of the MOKE spectrum, the optical constants of C60 are 
taken from reference [Kataura]. These are very close to that reported in [Datta]. 
Figure 5.1 (b), (c) and (d) present respectively the simulation results for the bilayers 
of Ni(14 nm)/C60 (10 nm), Ni(14 nm)/C60 (50 nm) and Ni(14 nm)/C60(80 nm), along 
with the corresponding experimental MOKE spectra. 
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(a) 
 
(b) 
(c) 
 
(d) 
Figure 5.1. The measured real part of the MOKE spectra for three Ni/C60 bilayers (a). The simulated 
compared to the corresponding experimental MOKE spectra of the Ni(14 nm)/C60 (10 nm) bilayer (b), 
Ni(14 nm)/C60 (50 nm) bilayer (c) and Ni(14 nm)/C60 (80 nm) bilayer (d) in which the C60 underlayer is 
deposited with 0.11±0.03 nm/min, 0.19±0.07 nm/min and 0.37±0.08 nm/min respectively. 
 
All the simulations are in reasonable good agreement with the experimental spectra 
in high energy range, but exhibit a large deviation in the low energy range. This effect 
was also observed, although not that pronounced, for the Ni/rubrene bilayers. It may 
be caused by the difference between the literature optical and Voigt constants of Ni 
used in simulation [Herrmann] and that of the Ni film deposited onto the organic film. 
It must be noted, however, that the best match between amplitude of the simulated 
and the experimental spectra was obtained when using an effective thicknesses of Ni 
much smaller than the nominal thickness, 14 nm, for all the three samples (figure 
5.3(b), (c), and (d)). This was not necessary for the case of Ni/rubrene bilayers with a 
large rubrene thickness, e.g. Ni(14 nm)/rubrene(50 nm) and Ni(14 
nm)/rubrene(137 nm) bilayers. The reason for this difference is not entirely clear at 
the moment. It could be due to the different interaction between Ni and C60, or to a 
stronger diffusion of Ni into the C60 underlayer as compared to rubrene. 
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In the simulation for the nominal structure of Ni(14 nm)/C60(10 nm), the effective 
thickness of C60 is 5 nm, a factor of two smaller than the targeted nominal thickness 
of 10 nm (figure 5.1 (b)). The large difference between the nominal and effective 
thicknesses C60 might be due to the rougher morphology, as already been reported 
by [Datta] (figure 2.6), in the thinnest C60 film deposited with very small rate, like the 
situation in Ni(14 nm)/rubrene(15 nm) bilayer. In the roughest sample (which in our 
case has the thinnest C60 layer thickness), the simulation model, which assumes 
perfectly flat layers of the ferromagnetic and organic materials, can only be used to 
qualitatively predict trends and cannot be used to describe quantitatively the 
thickness of the layers, as illustrated previously in the simulation of the Ni(14 
nm)/rubrene(15 nm) bilayer (chapter 4.2). 
In the Ni(14 nm)/C60(50 nm) bilayer, the effective thicknesses of the Ni and C60 layers 
which provide the best matching between the simulated and the measured spectra 
are 10 nm and 54 nm, respectively (figure 5.1 (c)). Although the Ni thickness still has 
a large deviation in percentage between the effective and nominal thicknesses, the 
discrepancy between effective and nominal thickness decrease compared to the 
case of the Ni(14 nm)/C60(10 nm) bilayer. The effective thickness of C60 is 54 nm, 
also showing a lower relative deviation from the targeted nominal thickness (50 nm). 
The underlying reason should be the thicker C60 underlayer has a smoother 
morphology, which fulfils better the requirements of our simulation model. In the 
simulation of the Ni(14 nm)/C60(80 nm) bilayer, the effective thicknesses of C60 layers 
is 76 nm, with the percentage deviation from the nominal thicknesses (80 nm) 
becoming even smaller. In addition the spectral shape of the simulated spectrum 
matches better that of the experimental one (figure 5.1 (d)).  
The simulation of the MOKE spectra of the Ni/C60 and Ni/rubrene bilayers show the 
morphology and thickness of the organic underlayer are crucial factors in determining 
the magnetic properties of ferromagnetic/organic heterostructure. 
These results show that the our simple optical simulation model, based on a layered 
optical system, is suitable for the describing the structure and the (magneto-)optical 
properties of ferromagnetic/organic bilayers with low enough roughness. In the 
investigated examples, when the organic layer was prepared with a low deposition 
rate, the smooth morphology was obtained for organic layer thickness of at least 
50 nm. 
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5.2 Ni/pentacene and Ni/H2Pc bilayers 
To compare the influence of the optical constants of the organic material on the 
MOKE spectra of the Ni/organic bilayers, we prepared bilayers of 14 nm Ni on 
organic layers having similar thicknesses but consisting of different molecules. 
Showed in figure 5.2 are the MOKE spectra of Ni(14 nm)/organic bilayers whose 
underlayers are pentacene(14 nm), H2Pc(14 nm), rubrene(15 nm) and C60(10 nm). 
The spectrum of a single Ni (14 nm) layer is also shown for comparison. 
All the Ni(14 nm)/organic bilayers presented in figure 5.2 (a) show similar MOKE 
spectral shape to that of the single Ni(14 nm) film. Only the spectral amplitude differs 
with the change of the organic molecule. The only exception is the case of 
Ni/rubrene, where the band around 3.5 eV to 4.5 eV becomes stronger and exhibits a 
two-fold splitting.  
This similarity is due to low absorption (figure 5.2(c)) and to the significantly lower 
Voigt constant of the organic layers compared to that of Ni. However, the MOKE 
spectra of these thin Ni(14 nm)/organic bilayers (figure 5.2(a)) are not exactly the 
same.  
Besides the fluctuation in thickness from the sample preparation procedures, there is 
still contribution from the optical constants of the organic underlayers although it is 
usually small in absorption. As showed in figure 5.2(a), the MOKE spectrum of Ni(14 
nm)/rubrene(15 nm) has a feature around 4 eV which is obviously due to the strong 
absorption feature in rubrene underlayer around this energy position (figure 5.2(c)). 
So both the thickness and optical constants of the organic underlayer can be used in 
tuning the MOKE spectrum shape of the ferromagnetic/organic heterostructure. 
The influence of the optical constants of the organic underlayer on the MOKE 
spectrum becomes stronger when its thickness increases. This was demonstrated in 
chapter 4.2. The Ni(14 nm)/rubrene(50 nm) bilayer has MOKE spectral features at 
2.3 eV and 2.5 eV, stemming from the absorption of rubrene, whereas the Ni(14 
nm)/rubrene(15 nm) bilayers has no visible feature at these energies.  
Moreover, the organic semiconductor underlayers are small molecular materials 
whose thin film usually show versatile growth mode (see e.g. [Ribič]), leading to 
various morphology at the interface between the ferromagnetic metal and organic 
underlayer. This morphology is a crucial factor for the MOKE spectra. Thus the 
different thin Ni(14 nm)/organic bilayer could show some difference in their MOKE 
spectra. 
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(a) 
(b) 
(c) 
Figure 5.2. (a) MOKE spectra of a single Ni(14 nm) layer and of Ni/organic bilayers composed of 
Ni(14 nm) deposited on pentacene(14 nm), H2Pc(14 nm), rubrene(15 nm) and C60 (10 nm). The 
substrate is the Si(111) covered with natural oxide. (b) The real and (c) imaginary parts of the optical 
constants of Ni [Palik], rubrene [Kytka], pentacene [Datta10], C60 [Kataura] and H2Pc [Bräuer09b]. 
The optical constants of pentacene from 4.35 eV to 5 eV are extrapolated data. 
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In summary, the MOKE study of the bilayers prepared by deposition of Ni(14 nm) on 
various thin organic layers, shows that the magneto-optical properties of the bilayers 
can be tuned by the thickness, morphology, and the optical constants of the organic 
underlayers. 
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6. Ferromagnetic metal/organic mixtures 
 
Nanosized particles of ferromagnetic metals (FM) such as Fe, Co, and Ni are subject 
of growing interest owing to the variety of interesting physical properties and potential 
applications like catalysts, high density magnetic recording media, ferrofluids, and 
medical diagnostics (see e.g. [Sun00], [Lu]). Recently, the usage of transition metal 
nanoparticles embedded in organic semiconductors was shown to yield an 
enhancement of quantum efficiency of organic light emitting devices (OLEDs) 
[Sun07] or to provide a large magneto-resistance in organic-based spin valves (Co 
nanoparticles in rubrene [Kusai] or fullerene [Miva] matrices). A recent approach to 
fabricate nanoparticles with size below 25 nanometers is based on the co-
evaporation [Zheng], [Bräuer09a] or alternating deposition [Zhao] of an organic 
molecule and the metal in vacuum. The structure and shape of the nanoparticles are 
influenced by the deposition parameters such as deposition rate and substrate 
temperature. This chapter presents the mixed films obtained by the co-deposition of 
Ni or Co with organic molecules (C60, pentacene, or H2Pc). 
 
 
6.1 Structure of the Co/pentacene mixed films 
6.1.1 TEM study 
All mixed films fabricated by co-deposition of nickel and organic semiconductor 
materials in our group are composed of metal nanoparticles distributed in the organic 
matrices [Bräuer09a]. The size of the Ni nanoparticles varies only slightly depending 
on the molecular matrix. The oxidation degree, however, depends significantly on the 
packing density of the organic matrix and the energy level alignment at the molecular 
matrix/metal nanoparticles interface [Bräuer09a]. 
In the following we will discuss the example of a Co/pentacene mixed film. Figure 6.1 
shows the dark field image, measured by TEM, of the Co/pentacene mixture 
(nominal thickness 10 nm) which was prepared by co-deposition of Co and 
pentacene in high vacuum (2⋅10-8 mbar) with the monolayer ratio of 10 to 1. From this 
figure one can clearly identify the Co nanoparticles, corresponding to the bright areas 
in the image, embedded in the pentacene matrice. Due to the relatively high Co ratio, 
the Co particles are not separated very well by the organic matrix. 
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Figure 6.1. Dark field image by TEM of Co/pentacene mixture (10 nm) prepared on a NaCl substrate in 
high vacuum. The mixed film was obtained by the co-deposition of Co and pentacene with the 
monolayer ratio of Co/pentacene=10:1. 
 
6.1.2 STXM study 
In order to probe the properties of the organic matrix, i.e. grain size and molecular 
orientation, polarization dependent scanning transmission X-ray microscopy (STXM) 
was employed. This method has been successfully applied to study the structure of 
pentacene thin films field-effect transistors [Bräuer02].  
For the STXM measurements, the films had to be prepared on special substrates 
which are fairly transparent for X-ray radiation. The single pentacene film (30 nm) 
was deposited with a deposition rate of 0.5 nm/min in a vacuum chamber with the 
base pressure 1×10-8 mbar onto a silicon nitride membrane (100 nm), which was 
covered by SiO2 (50 nm). Details about the substrate preparation can be found in 
literature [Bräuer02]. The Co/pentacene mixed film having a nominal thickness of 38 
nm was fabricated in a vacuum chamber with the base pressure of 2⋅10-8 mbar by co-
deposition of Co and pentacene with the deposition rates of 0.084 nm/min and 0.3 
nm/min, respectively. 
The incoming X-rays are linearly polarized with a certain orientation of the electric 
field vector E
JG
. When these X-rays pass through a polycrystalline film the x-ray 
absorption intensity of each grain depends on the angle between E
JG
 and the short 
unit cell axis ‘a’ of the pentacene crystal (figure 6.3 (a)). The X-ray absorption 
reaches its maximum when ‘a’ is aligned parallel to E
JG
, i.e. the angle β = 0°. STXM 
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images of pentacene and Co/pentacene mixture were taken for different polarizations 
and are shown in figure 6.2 (a) and figure 6.2 (b), respectively.  
 
 
 
 
 
(a) 
 
 
 
(b) 
 β  =  0°              15°             30°             45°             60°             75°             90° 
Figure 6.2. STXM images of (a) pentacene and (b) Co/pentacene mixed films were taken with linearly 
polarized X-rays with polarization angles β ranging from 0° (horizontal polarization) to 90° (vertical 
polarization). 
 
All polarization dependent STXM measurements, presented in figure 6.2, were 
recorded at 285.6 eV. At this energy, electrons in the core state of the sp2 hybridized 
carbon atoms can be excited into unoccupied π* states. The STXM images were 
takes with a special resolution of approximately 30 nm, limited by the zone plate. 
These images were used to calculate the distribution of the orientation of pentacene 
grains in a pure pentacene film and a Co/pentacene mixed film according to literature 
[Bräuer10]. The molecular orientation is represented by different colors according to 
the color wheel scheme in figure 6.3 (a). Figures 6.3 (b) and (c) show the results for 
the pure pentacene and the Co/pentacene mixed films. 
The grains in the pure pentacene film have a diameter of about 1.5 to 3 µm while 
those in Co/pentacene mixture range from 0.8 to 1.5 µm. Many of the neighbouring 
grains in the pure pentacene film have molecular orientations close to each other, 
connecting into large and broad area, while that in the Co/pentacene mixture connect 
into narrow and irregular area. There can be several reasons for these differences. 
The deposition of Co together with the pentacene can induce disorder in the 
pentacene grains while they are growing. This can change the molecular orientation 
and leads to smaller grains. Another reason is the differences in the surface polarity 
of the substrate, i.e. when the grains grow directly on SiO2 or SiO2 which is partially 
covered by Co. This might also explain the differences in shape. Pentacene grows 
more isotropic when no Co is deposited at the same time. A SiO2 surface, partially 
contaminated with Co can makes the surface polarity inhomogeneous. Once the 
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pentacene crystal reaches an area of different surface potential while it is growing the 
growth is no longer isotropic and another growth direction may be more preferred. 
 
(a)   
(b)  (c)  
Figure 6.3. (a) The STXM measurement scheme: schematically illustrated are the electric field vector 
E
JG
, and the electronic transition d pole moments pi 1 and p2 of the π* orbitals of pentacene. Maximal 
absorption can be obtained when E
JG
 and the short unit cell axis 'a' are parallel to each other (the angle 
β = 0°). Distribution of the molecular orientation is given according to the colour circle scheme in which 
green, red, and blue stand for β=0°, 60°, and 120° respectively. Distribution of molecular in-plane 
orientation,is calculated from polarization dependent STXM measurements of (b) a pure pentacene 
film (30 nm) and (c) Co/pentacene mixture (38 nm). 
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6.2 MOKE spectroscopy study of metal/organic mixtures 
6.2.1 Influence of the thickness on the MOKE spectra exemplified on Ni/C60
When comparing the MOKE spectra of the mixed films with that of the single metal 
layers, a general trend was observed: the spectral intensity is lower compared to that 
of single Ni layers; the Ni spectral feature around 3.5 eV to 4.5 eV becomes broader 
and undergoes a pronounced red shift. A direct comparison between different 
mixtures is difficult at the moment due to the different metal content in the organic 
matrix. It should be noted that the first attempts to simulate the spectra of the mixed 
films using an effective medium approximation implemented in our model failed, 
probably because of neglecting the NiO contribution and changes in the optical 
constants of the organic material and of the metal due to interfacial charge transfer. 
These effects are more pronounced in thicker films, where they are amplified by 
interference effects. 
The influence of the thickness of the mixture on the MOKE spectra is showed in 
figure 6.4 on the example of Ni/C60 mixture. The MOKE spectra were recorded at 
0.35 T. In this case, the mixture having a thickness of 23 nm still has very similar 
spectral shape to that of the Ni (14 nm) single layer. The intensity of the Ni spectrum 
was normalized by dividing by 5 for a better comparison. With increasing the 
thickness of the mixture, the MOKE intensity increases, and a dramatic shift of the 
zero-cross point in the MOKE spectrum takes place. These changes in MOKE 
spectra are probably mainly due to the interference effect which is a function of the 
thickness. 
The calculations of the Kerr rotation induced by magnetic nickel nanoparticles 
embedded in a SiO2 matrix performed by Amekura et al. [Amekura] including the 
size-dependent Drude free-electron function and the size-independent bound-
electron term showed a broadening of the spectral features when the particle size is 
reduced from 10 nm to 1 nm [Amekura]. These calculations do not predict any shift of 
the MOKE spectral features with decreasing dimensions. In the case of Co 
nanoparticles prepared by a wet-chemical method, however, a red-shift was 
observed when reducing the size of the particles from 12 nm to 8 nm [Kalskka]. 
Furthermore, it was shown that a red-shift can also be caused by the aging of the 
nanoparticles, i.e. an oxidation process induced by the exposure to atmosphere in 
agreement with the discussion above. 
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Figure 6.4. MOKE spectra of Ni/C60 mixed films with different nominal thicknesses of 23 nm and 
51 nm. For comparison, the normalized MOKE spectrum of a single Ni(14 nm) film is also shown. 
 
 
 
6.2.2 Influence of the mass ratio on the MOKE spectra exemplified on 
Co/pentacene 
Besides the thickness parameter, the mixture ratio between the ferromagnetic metal 
and the organic material is also an important parameter to control the magnetic 
properties of the mixture. When the metal ratio decreases, it was reported that the 
average size of the metal particles also decreases [Zhao]. Thus the intrinsic 
properties of the metal particles, the interaction between the metal particles and the 
organic materials will also change consequently. 
As shown in figure 6.5(a), the MOKE spectra of the Co/pentacene mixtures have 
similar shapes when their thicknesses are close to each other. The sample with the 
higher Co concentration, Co:pentacene=9:1 film, has, as expected, higher MOKE 
signal than the Co:pentacene=4:1 mixture. This is due to the fact that the MOKE 
signal originates from the Co particles, while the Voigt constant of C60 is 
comparatively negligible. For a similar mixture thickness, a higher Co concentration 
implies a larger Co amount in the sample. 
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(a) 
(b) 
Figure 6.5. (a) The MOKE spectra of Co/petacene mixtures with the ratios of 4:1 and 9:1 recorded at 
1.43 T. (b) Normalized hysteresis loops of the mixtures measured by MOKE at 3.5 eV. The nominal 
thicknesses of the mixtures are 6 nm and 5 nm, respectively. 
 
 
On the other hand, higher concentration of the ferromagnetic Co particles could lead 
to larger average diameter of the Co particle in the mixture; this phenomenon was 
observed in Ni/C60 mixtures [Zhao]. Moreover, stronger magnetic coupling between 
the Co particles could also happen when the Co particle concentration is high 
enough. Thus the magnetic hysteresis behaviour will be different. 
Figure 6.5 (b) shows the MOKE hysteresis loops measured at 3.5 eV, which were 
normalized by their maximum MOKE signals respectively, of the two mixtures. The 
Co:pentacene=4:1 mixture shows a superparamagnetic behaviour, added on a weak 
ferromagnetic behaviour (Hc=66.2 Oe). This is an indication that the Co particles are 
fairly well magnetically isolated by the organic matrix and probably the average size 
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of the metal particles is small [Zhao]. On the contrary, the higher Co concentration 
mixture, the Co:pentacene=9:1 film, shows mainly a ferromagnetic behaviour of the 
hysteresis loop (Hc=108.5 Oe). This should be due to the bigger average particle 
sizes in the higher metal ratio sample [Zhao]. In addition, the Co particles are 
probably not isolated very well by the pentacene matrix. The latter statement is 
supported by the TEM image of a sample with similar metal/organic ratio shown in 
figure 6.1.  
 
6.2.3 Interaction between metal and organic molecules in the mixture 
The co-deposited metal/organic mixtures show versatile interactions between the 
metal particles and the organic semiconductors materials, depending on their intrinsic 
properties, material ratio, particle sizes and so on. For example, there is charge 
transfer from Ag particles to C60 occurs only when the Ag clusters are greater than 
4nm, while only weak van der Waals type interaction exists between Ag and C60 
when Ag particles are smaller than 4nm [Wang00]. 
The ferromagnetic metals are usually highly reactive, owing to their partially filled d 
shell. 
In a previous work we found the Ni undergoes a chemical reaction with H2Pc during 
their co-deposition which leads to the formation of NiPc molecules [Bräuer09a]. For 
the other investigated mixtures, i.e. Ni/C60, Ni/NiPc, Ni/pentacene, Co/C60 and 
Co/pentacene no chemical reaction implying the modification of the molecular 
structure was observed. All investigated systems, however, exhibit a charge transfer 
at the molecule/metal interface, the strength of which depends on the electronic 
properties of the two partners in the mixture. These issues are discussed in detail in 
[Bräuer09a]. 
The magneto-optical properties of “non-reactive” mixture were discussed in the 
sections 6.2.1 and 6.2.2. In the following the magneto-optical properties of the 
mixtures formed with the NiPc and H2Pc molecules are discussed.  
As showed in figure 6.6, MOKE spectra of NiPc and H2c are very small in magnitude, 
owing to their much smaller Voigt constants compared to that of ferromagnetic 
metals.  
The mixtures with low Ni contents, i.e. Ni:H2Pc=5:1 and Ni:H2Pc=6:1 films, show low 
intensity MOKE spectra. For example, with nearly the same nominal thickness and 
the same monolayer ratio between the Ni and organic materials, the maximum 
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magnitude, 0.2 mrad, in the MOKE spectrum of the Ni:H2Pc=6:1 (50 nm) mixture 
(figure 6.6) is about one third of the maximum magnitude, 0.65 mrad, of the 
Ni:C60=6:1 (51 nm) mixture (figure 6.4). This unusual small magnitude in MOKE 
spectrum is very possible due to the chemical reaction between Ni and H2Pc which 
consumed much Ni, resulting in even lower Ni ratio sample. The average size of the 
Ni particles is usually smaller in lower Ni ratio mixture see e.g. [Zhao], leading to 
smaller MOKE signal. 
 
 
Figure 6.6. MOKE spectra of thin films of Ni:H2Pc=12:1 (27 nm), Ni:H2Pc=5:1 (71 nm), Ni:H2Pc=10:1 
(53 nm), Ni:H2Pc=6:1 (50 nm), Ni:NiPc=3:1 (89 nm), and NiPc(75 nm). 
 
 
When the Ni ratio in the Ni/H2Pc mixture is higher, for example the Ni:H2Pc=10:1 (53 
nm) and Ni:H2Pc=12:1(27 nm) films, the MOKE spectral intensity increases. The 
possible reason is there is still much Ni left after the consuming of Ni, in the chemical 
reaction between Ni and H2Pc, got saturated, leading to bigger average size of Ni 
particles. 
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7. Summary and conclusions 
 
A major goal of this work was to demonstrate the application potential of magneto-
optical Kerr effect spectroscopy, in the spectral region from near infrared to near 
ultraviolet, for the study of metal/organic semiconductor heterostructures. To achieve 
this goal, a program for the numerical simulation and fitting of a layered optical 
system was extended for the analysis of multi-layers. Another important objective 
was to gain understanding of issues that determine the functioning of organic 
spintronic devices, such as structural and magnetic properties of metal/organic 
semiconductor bilayer systems as well as their alteration upon storage under 
atmospheric conditions.  
The organic semiconductors used in this work, i.e. rubrene, fullerene, pentacene, and 
phthalocyanine, were chosen because of their proven excellent charge and spin 
transport properties. These molecules provide nice model systems for investigating 
the influence of the molecular geometry (3D for rubrene and fullerene, 2D for 
pentacene and phthalocyanine) on the structural and magnetic properties of the 
heterostructures. All these molecules are diamagnetic and, apart from 
phthalocyanine, exhibit negligible magneto-optical Kerr effect.  
The origin of the MOKE signal of the heterostructure lies in the change on the 
polarization state of the light caused by the ferromagnetic (Ni or Co) layer. A change 
in the organic layer thickness, however, was found to have a dramatic influence on 
the MOKE spectrum due to the interference of the light beams reflected at the metal 
surface and those transmitted thought the metal layer and multiply reflected at the 
metal/organic and organic/substrate interfaces. This provides the high sensitivity of 
the MOKE spectra to changes in the properties of both the metal and of the organic 
layer. 
The bilayers were fabricated by subsequent deposition of the organic molecules and 
Ni in vacuum. Further, mixed films consisting of Ni or Co nanoparticles embedded in 
an organic matrix were fabricated by co-evaporation of the metal and the organic 
molecules under vacuum conditions. 
The morphology and structural properties of the bilayers were assessed by atomic 
force microscopy and transmission electron microscopy. Additional information on the 
molecular orientation in the mixed films containing Co and pentacene was extracted 
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from scanning transmission X-ray microscopy. The results are complemented by the 
results of the MOKE spectra simulation. 
In the frames of this dissertation work it was possible to show that for low deposition 
rates onto Si(111) substrates covered with native oxide, the rubrene films having 
thickness below 15 nm consist of large islands with large voids between them, 
contrary to the growth mode previously reported in literature for a deposition rate of 
2.2 nm/min [Kowarik]. Further growth experiments lead to the conclusion that 
increasing thickness or deposition rate have similar consequences on the film 
morphology, i.e. the rubrene film becomes more continuous and smoother. When 
rubrene is deposited onto a Ni its morphology is smoother compared to the films 
grown on SiO2/Si(111) having similar thickness, probably due to the reduced mobility 
of the rubrene molecules on the Ni film.  
The investigations on bilayers show that a nickel film deposited on top of a rubrene 
layer follows the rubrene film morphology. The nickel particles diffusion into the 
rubrene layer is rather low (below 10 nm), judging from the effective thickness of the 
rubrene and Ni layers employed in the optical simulation to achieve a good 
agreement with the experimental MOKE spectra. 
The MOKE spectra recorded after several time intervals of sample exposure to the 
ambient atmosphere corroborated with MOKE simulations demonstrate that the Ni 
top layer acts as a capping layer, i.e. it slows down significantly the oxidation of the 
rubrene underlayer. For example, upon air exposure a Ni(14.5 nm)/rubrene(48 nm) 
bilayer shows several changes in its experimental MOKE spectra, i.e. a red shifts of 
the features around 4.5 eV and 3.4 eV, and the magnitude of amplitude increase of 
the feature at ~ 3.4 eV. The simulation of the MOKE spectra reproduced very well 
these changes in MOKE spectra by considering the optical constants of rubrene, 
rubrene peroxide, the optical and Voigt constant of Ni as well as the optical constants 
of NiO, related to the formation of NiO on Ni surface. This demonstrates the 
sensitivity of the MOKE spectroscopy to parameter changes in both the metal and 
the organic underlayer.  
Ni layers grown on top of rubrene films consisting of large islands exhibit an 
interesting oscillatory behaviour in the hysteresis loop measured by MOKE at 
4.72 eV, which is observable in the hysteresis loops measured by SQUID 
magnetometry. Similar behaviour was also observed when Ni was grown on 
lithographic SiO2/Si substrates with trench size of ca. 60 nm. On the example of 
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Ni/rubrene heterostructure we showed that its behaviour can be explained 
considering the presence of two magnetic phases in the Ni film, which are 
characterized by different coercive fields and different saturation fields. The 
hysteresis loops and the MOKE spectra of the two phases were successfully 
separated. One phase can be attributed to the Ni deposited on the rubrene islands, 
which might also diffuse into the organic material and lead to the formation of 
superparamagnetic nanoparticles. The second phase can be attributed to between 
the islands the deposited Ni, which forms larger grains that can also be efficiently 
magnetically coupled, leading to a ferromagnetic behaviour. 
Bilayers of Ni deposited on C60, H2Pc and pentacene were also prepared. The 
morphology evolution of the C60 film with its thickness is very similar to that of the 
rubrene film, owing to their similar 3D molecular geometry. Due to the relatively 
strong optical absorption in Ni, similar MOKE spectral shape was found among single 
Ni(14 nm) film and Ni(14 nm)/organic bilayers, in which the underlayers are thin films 
of pentacene(14 nm), H2Pc (14 nm), rubrene(15 nm), and C60(10 nm). However, the 
optical constants of the organic underlayer, exemplified by the MOKE spectra of 
Ni(14 nm)/rubrene(15 nm) bilayer, still have a visible influence on the spectral shape. 
These results show that in ferromagnetic/organic semiconductor heterostructures the 
strength of the MOKE signal at a given energy can be controlled by a appropriate 
choice of the organic material (i.e. of its optical constants) and of the organic film 
thickness. This is an important experimental finding in the view of future magneto-
optical storage media.  
It must be noted that our multi-layer optical model provide accurate simulation 
results, in good agreement with the experimental MOKE spectra if the 
heterostructure and its interfaces have a low roughness compared to the light 
wavelength.  
The structure of the ferromagnetic metal/organic mixture was studied on the example 
of the Co/pentacene mixture. The dark field image by TEM of the mixed thin film 
shows the distribution and sizes of the metal particles in the organic matrix. The 
STXM images show the sizes and in plane orientations of the organic crystalline 
grains in the mixture. 
Similar to the bilayers, the thickness of the ferromagnetic metal/organic mixture was 
demonstrated to be a good parameter to tailor the MOKE spectra shape. The 
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7. Summary and conclusions 
magnitude of the MOKE signal in the mixture is smaller than for single ferromagnetic 
film with comparable thickness. 
On the example of Co/pentacene mixture, it was proven that the MOKE signal is 
larger in the samples with higher metal content. With increasing metal ratio, the 
hysteresis loop of the mixture changes from a combination of ferromagnetic and 
superparamagnetic behaviour to a nearly purely ferromagnetic behaviour. The 
average diameter and the isolating conditions of the ferromagnetic particle in the 
mixture could account for the difference. 
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